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ABSTRACT 
NITRATE REDUCTION I N  THE VICINITY OF TILE DRAINS 
The f a t e  of  n i t r a t e s  a s  t h e y  t r a v e l  through a l ong  
porous  column a t  a s low r a t e  was observed i n  t h i s  s t u d y  w i th  
t empe ra tu r e  and s u b s t r a t e  m a t e r i a l s  v a r i a b l e .  
During a one month p e r i o d  of f low wi th  p o r e  v e l o c i t i e s  
ave r ag ing  up t o  21 c e n t i m e t e r s  p e r  d a y ,  l o s s e s  a s  h i g h  a s  89 
p e r c e n t  w e r e  found f o r  a methanol  t r e a t m e n t  a t  2 4 ' ~  whi le  f o r  
1 3 ' ~  l o s s e s  w e r e  reduced t o  46 p e r c e n t .  A sawdust  s u b s t r a t e  
m a t e r i a l  r e s u l t e d  i n  v e r y  l i t t l e  r e d u c t i o n  of n i t r a t e  concen- 
t r a t i o n s  a t  2 4 ' ~  and a c t u a l  i n c r e a s e s  (presumably  from minera l -  
i z a t i o n )  a t  1 3 ' ~ .  
S ince  methanol  was found t o  b e  an e f f e c t i v e  means of  
removing n i t r a t e  from a s l owly  moving s t ream of wa t e r  a t  
0 t empe ra tu r e s  a s  low a s  1 3  C ,  it w i l l  b e  used a s  a s t a n d a r d  i n  
f u t u r e  f i e l d  s t u d i e s  t o  e v a l u a t e  less expens ive  s u b s t r a t e  
m a t e r i a l s .  
Davenpor t ,  Lynn A. Jr., Lembke, Wal te r  D. and J o n e s ,  Benjamin A. ,  
Jr. 
NITRATE REDUCTION I N  THE VICINITY OF TILE DRAINS 
Completion Repor t  t o  O f f i c e  of  Water Resources  Research,  De-  
pa r tment  o f  I n t e r i o r ,  A p r i l  1973,  Washington, D.C., 99 p. 
Keywords -- * D e n i t r i f i c a t i o n /  *Drainage/ " S u b s t r a t e  m a t e r i a l s /  
*Temperature e f f e c t s  
TABLE OF CONTENTS 
Page  
I . INTRODUCTION . . . . . . . . . . . . . . . . . . . .  1 
. . . . . . . . . . . . . . . . . .  T I .  LITERATURE REVIEW 4 
. . . . . . . . . . .  A. D e n i t r i f i c a t i o n  i n  G e n e r a l  4  
. . . . . . . .  . B F a c t o r s  A f f e c t i n g  D e n i t r i f i c a t i o n  5 
. . . . . . . . . . . . . . . . . .  1 S o i l  Oxygen 5 
2 . S o i l  M o i s t u r e  . . . . . . . . . . . . . . . .  6 
. . . . . . . . . . . .  3 .  O x i d i z a b l e  Materials 7 
4  . Tempera ture .  . . . . . . . . . . . . . . . .  8 
5 . p H .  . . . . . . . . . . . . . . . . . . . .  9 
. 6 Flow V e l o c i t y  . . . . . . . . . . . . . . . .  9 
7 . Redox P o t e n t i a l  . . . . . . . . . . . . . . .  1 0  
. . . . . . . . . .  . C F i e l d  D e n i t r i f i c a t i o n  S t u d i e s  11 
. III OBJECTIVES. .  . . . . . . . . . . . . . . . . . . .  1 3  
I V .  APPARATUS . . . . . 0 * 1 4  
. . . . . . . . . . . . . . . . . . . . . .  V,  PROCEDURE 22 
. . . . . . . . . . . . . . .  . V I  RESULTS AND DISCUSSION 27 
. . . . . . . . . . . . . . .  A LOSS of Added N i t r a t e  27 
. . . . . . . . . . . . . . . . . .  B Flow C o n d i t i o n s  31  
. . . . . . . . . . . . . . .  C. Break th rough  Curves  3 4  
. . . . . . .  1. T h e o r e t i c a l  Breakthrougf i  Curves  34 
. . . . . . . .  . 2 Tube 1 No Added Carbon S o u r c e  36 
. . . . . . . .  . 4 Tube 5 No Added Carbon !S.ource 4 1  
. . . . . . . .  . . 4 Tubes  2 and  6 Sawdust  ~ d h e d  45 
. . . . . . .  . 5.  T u b e s  3  and 4 Methanol  Added 5 2  
D . Redox P o t e n t i a l s  . . . . . . . . . . . . . . . .  60 
. . . . . . . . . .  E. T o t a l  O r g a n i c  Carbon A n a l y s i s  62 
1. S t o i c h i o m e t s i c  Requ i r emen t s  f o r  
. . . . . . . . . . . . . .  D e n t r i f i c a t i o n  62 
2 :  E x p e r i m e n t a l  R e s u l t s  . . . . . . . . . . . .  63 
F. Gas A n a l y s i s  . . . . . . . . . . . . . . . . . .  67 
G o  Problems Encountered i n  E x p e r i m e n t a l  P r o c e d u r e  . 68 
1 . Flow R a t e  . . . . . . . . . . . . . . . . . .  68 
2 . P i e z o m e t e s  Read ings  . . . . . . . . . . . . .  70 
3 . D e t e c t i o n  o f  A p p l i e d  N i t r a t e / C h l o r i d e  
F r o n t . .  . . . . . . . . . . . . . . . . .  71 
4.  C h l o r i d e  I o n  I n t e r f e r e n c e  i n  N i t r a t e  
A n a l y s i s  . . . . . . . . . . . . . . . . .  73 
. . . . . . . .  5.  E x c e s s  N i t r a t e  Mass Recovery  77 
iii 
TABLE OF CONTENTS 
I . INTRODUCTION. . . e . . . . . . . . . . . . . . . .  1 
. . . . . . . . . . . . . . . . . . .  II LITERATURE REVIEW 4  
. . . . . . . . . . .  . A D e n i t r i f i c a t i o n  i n  Genera l  4  
. . . . . . . .  Be F a c t o r s  A f f e c t i n g  D e n h t r i f i c a t i o n  5 
. . . . . . . . . . . . . . . . . .  1 S o i l  Oxygen 5 
2. S o i l M o i s t u r e  . . . . . . . . . . . . . . . .  6 
. . . . . . . . . . . .  3 .  O x i d i z a b l e  M a t e r i a l s  7  
4. Tempera ture  . . . . . . . . . . . . . . . . .  8 
5 -  p H .  . . . . . . . . . . . . . . . . . . . .  9 
6. Flow V e l o c i t y  . . . . . . . . . . . . . . . .  9 
7 . Redox P o t e n t i a l  . . . . . . . . . . . . . . .  1 0  
C . F i e l d  D e n i t s i f i c a t i o n  S t u d i e s .  . . . . . . . . .  11 
. I I J  OBJECTIVES . . . . . . . . . . . . . . . . . . . . .  1 3  
. . . . . . . . . . . . . . . . . . . . . .  V. PROCEDURE 22 
. . . . . . . . . . . . . . .  V I .  RESULTS AND DISCUSSION 27 
A . Loss o f  Added N i t r a t e  . . . . . . . . . . . . . .  27 
. B Flow C o n d i t i o n s .  . . . . . . . . . . . . . . . .  31 
. . . . . . . . . . . . . .  C. Breakthrough Curves.  34 
. . . . . . .  . 1 T h e o r e t i c a l  Breakthrough Curves 34 
. . . . . . .  . . 2 Tube 1 No Added Capbon Source  36 
. . . . . . .  . . 3 Tube 5  No Added Carbon $.ource 4 1  
. . . . . . . . .  . 4 Tubes 2  and 6  Sawdust Added 45 
5. T u b e s 3  a n d 4 . M e t h a n o l A d d e d .  . . . . 5 2  
D. Redox P o t e n t i a l s  . . . O . . . . . . . . . . . .  60 
. . . . . . . . . .  E. T o t a l  Organic  Carbon A n a l y s i s  62 
L . S t o i c h i o m e t r i c  Requi rements  f o r  
. . . . . . . . . . . . . .  D e n t r i f f c a t i o n  62 
. . . . . . . . . . . .  .. 2 Exper imen ta l  R e s u l t s  63 
. . . . . . . . . . . . . . . . . .  F. G a s  A n a l y s i s  67 
G o  Problems Encountered  i n  Exper imen ta l  P rocedure  . 68 
1 . F l o w R a t e  . . . . . . . . . . . . . . . . . .  68 
2. P iezomete r  Readings . . . . . . . . . . . . .  70 
3 . D e t e c t i o n  o f  App l i ed  N i t r a t e / C h l o r i d e  
F r o n t  . . . . . . . . . . . . . . . . . . .  71 
4. C h l o r i d e  I o n  I n t e r f e r e n c e  i n  N i t r a t e  
A n a l y s i s  . . . . . . . . . . . . . . . . .  73 
. . . . . . . .  5.  Excess  N i t r a t e  Mass Recovery 77 


v i i  
FIGURE 
.b 0 
2 ,  





6 a ,  
, 6 b 0  
7 a ,  
7 b .  
8 ,  
9 ,  
L I S T  OF FIGURES 
P a g e  
THE NITROGEN CYCLE , . , , , . , . . , . . , . . . 3 
TUBE TREATMENTS - ADDED CARBON , . , . . . . . . . 15 
TEMPEMTURE CONTROL CHAMBER. , , . , . . . . , . . 1 6  
GENERAL LAYOUT OF APPARATUS. . ., . . . . , . . . . 1 6  
DEMITRa[.FICA'T ION FLOW APPARATUS , . . 1 7  
DEMINERA-LIZED WATER. SUPPLY AND RESERVOIRS. . , , . 1 9  
EFFLUENT TUBING CONNECTIONS. . , , . . . . . , . . 1 9  
PIEZOMETERBANK. . . . , . . . , , . . . . . . . . 2 1  
NITRATE ANALYSIS APPARATUS . . . , , . . . . , . . 2 1  
CHLORIDE ANALYSIS APPARATUS. , . . , . . . . . . . 25 
REDOX 'ELECTRODES . . . . . , . . . . , . . . . . . 2 5  
PERCEMT LOSS OF ADDED NITRATE VS TEMPERATURE , , . 3 0  
TYPICAL BREAKTHROUGH CURVF OF CHLORIDE ION I N  A 
SOIL COLTJMN. . . . . , . . . . . . . . . . . . . 3 5  
BREAKTHROUGH CURVES FOR TUBE 1, CHECK, AT 2 4 ' ~  
WITH AN AVERAGE FLOW OF 6 3 0  ml/DAY AND 2 8 . 5  
PERCENT LOSS OF ADDED NITRATE, . . , . . . . . . 3 7  
BREAKTHROUGH CURVES FOR TUBE 1, CHECK, AT 18OC 
WITH AN AVERAGE FLOW OF 5 6 5  ml/DAY AND 1 2  
PERCEMT LOSS QF ADDED NITRATE, . . . , , , . . . 3 8  
BREAKTHROUGH CURVES FOR TUBE 1, CHECK, AT 1 3 O ~  
WITH AN AVERAGE FLOW OF 500 ml/DAY AND 1 . 3  
PERCENT LOSS OF ADDED NITRATE, , . . , . . . . . 3 9  
BREAKTHROUGH CURVES FOR TUBE 5 ,  CHECK, AT 2 4 O ~  
WITH AN AVERAGE FLOW OF 4 9 5  ml/DAY AND 1 %  
PERCENT LOSS OF ADDED NITRATE, . . . . . . . . . 4 2  
BREAKTHROUGH CURVES FOR TUBE 5 ,  CHECK, AT 1 8 u ~  
WITH AEa AVERAGE FLOW OF 540 ml/DAY AND 8 . 9  
PERCENT LOSS OF ADDED NITRATE. . . . . . . . . . 4 3  
Page FIGURE 
15 ,  BREAKTHROUGH CURVES FOR TUBE 5 ,  CHECK, AT 1 3 O ~  
WITH AN AVEMGE FLOW OF 505 ml/DAY AND A 43-1 
. . . . . . . . .  . PERCENT GAIN OF ADDED NITRATE, 44 
BR-EAKTHHOUG CURVES FOR TUBE 2 ,  SAWDUST, AT 2 4 ' ~  
WITH AN AVERAGE FLOW QF 550 ml/DAY AND A 9 
PERCENT LOSS OF ADDED NITRATE. . . . . . . . . .  46 
BREUTHROUGH CURVES FOR TUBE 2 ,  SAWDUST, AT 1 8 ' ~  
WITH WE% AVERAGE FLQW OF 500 ml/DAY ATXI A 11.4 
PERCENT GAIN O F  ADDED NITRATE. , , . . . , . . .  4 7  
BREAKTHROUGH CURVES FOR TUBE 2 ,  SAWDUST, AT 1 3 ' ~  
WITH AN AVERAGE PLOW OF 480 ml/DAY AND A 39.3 
PERCENT GAXN OF ADDED NITRATE, , . , . . . . . .  48 
BREAKTHROUGH CURVES FOR TUBE 6 ,  SAWDUST, AT 2 4 ' ~  
WITH AN AVERAGE PLOW OF 520 ml/DAY AND A 4.5 
PERCENT LOSS OF ADDED NITRATE. . . . . . . . . .  49 
BRFAKTMROUGM CURVES FOR TUBE 6 ,  SAWDUST, AT 1 8 " ~  
WITH AN AVEFtAGE FLOW OF 480 ml/DAY AND A 2.2 
PERCENT LOSS OF ADDED NITRATE. . . . . . . . . .  50 
BREAKTHROUGH CURVES FOR TUBE 6 ,  SAWDUST, AT 1 3 ' ~  
WITH baM AVERAGE FLOW OF 450 ml/DAY AND AN 11,9  
PERCENT GAIN OF ADDED N I T M T E .  . . . . . . . . .  5 1  
BREAKTHROUGH C U W E S  FOR TUBE 3 ,  METHANOL, AT 2 4 ' ~  
WITH AN AVERAGE FLOW OF 4 2 5  ml/DAY AND HW 86  
. . . . . . . . .  PERCENT LOSS O F  ADDED NITRATE. 53 
BREAKTHROUGH CURVES FOR TUBE 3 ,  METHANOL, AT 1 8 ' ~  
WITH AN AVERAGE FLOW O F  400 ml/DAY AND A 7 0  
PERCENT LOSS OF ADDED NITRATE, . . . . . . . , .  54 
BREJLKTHROUGH CURVES FOR TUBE 3 ,  METHANOL, AT 1 3 ° C  
WITH AN AVERAGE FLOW OF 410 ml/DAY AND A 46 
PERCENT LOSS OF ADDED NITRATE. . . , , . . . . .  55 
BREAKTHROUGH CURVES FOR TUBE 4,  METHANOL, AT 2 4 ' ~  
WITH AN AVERAGE FLOW OF 445 ml/DAY AND AN 89 
PERCENT LOSS OF m D E D  NITRATE. . . . . . , . . ,  56 
BREAKTHROUGH CURVES FOR TITBE 4 8  M E T W O L ,  AT 1 8 ' ~  
WITH AN AVERAGE FLOW OF 400 mb/DAY AND AN 81 
. . . . . . . . .  PERCENT LOSS OF ADDED NITRATE. 5 7  
BREMTmOUGH CURVES FOR TUBE 4,  METHANOL, AT 1 3 ' ~  
WITH AN AVERAGE FLOW O F  390 ml/DAY AND A 7 8  
PERCENT LOSS OF ADDED NITRATE, . . . . , . . . .  58 

I ,  INTRODUCTION 
The th rea t :  of  n i t r a t e  a.s a major  p o l l u t a n t  o f  water re- 
s o u r c e s  Ln I l l i n o i s  d e s e r v e s  s e r i o u s  c o n s i d e r a t i o n  s i n c e  agr.i.- 
c u l t u r a L  f e r t i l i z a t i o n  h a s  i n c r e a s e d  a t  a r a p i d  ra te .  The ex- 
t e n s i v e  f l a t  t o  moderate1 y  s l o p i n g  and g e n e r a l l y  we l l -d ra ined  
s o i l s  of n o r t h e r n  and c e n t r a l  I l l i n o i s ,  p l u s  modera te  amounts of  
p r e c i p i t a t i o n ,  t e n d  t o  i n c r e a s e  t h e  p o t e n t i a l  l o s s  of a p p l i e d  
f e r t i l i z e r s  due  t o  s u r f a c e  r u n o f f  and l e a c h i n g .  
Leaching of  n i t r o g e n  can  b e  e x p e c t e d  t o  i n c r e a s e  n i t r a t e  
c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  of t i l e  d r a i n s .  D a w e s ,  e t  a l .  ( 9 )  
found t h a t  t h e  peak n i t r o g e n  l o a d  of many of o u r  streams is  coin-  
c l d e n t  w i t h  p e r i o d s  of h i g h  a g r i c u l t u r a l  r u n o f f .  T h i s  may be 
caused  p r i m a r i l y  by l e a c h i n g  r a t h e r  t h a n  f e r t i l i z e r  l o s s e s  due  
t o  s u r f a c e  r u n o f f .  
E x c e s s i v e  n i t r a t e  c o n c e n t r a t i o n s  can  b e  r e s p o n s i b l e  f o r  
two s e r i o u s  t y p e s  of problems,  Where n i t r o g e n  i s  a l i m i t i n g  
n u t r i e n t  f a c t o r  n i t r a t e  i n p u t s  t o  s u r f a c e  w a t e r s  can c a u s e  
e u t r o p h ~ c a t f o n  t o  p roceed  r a p i d l y ,  s e v e r e l y  r e d u c i n g  t h e  q u a l i t y  
of t h e  water f o r  u s e  by man and w i l d l i f e ,  as w e l l  as d e s t r o y i n g  
t h e  a e s t h e t i c  b e a u t y  of l a k e s  and waterways. High n i t r a t e  con- 
c e n t r a t i o n s  in_ d r i n k i n g  w a t e r  c a n  b e  f a t a l  t o  c h i l d r e n  due  t o  
methemoglobinemia, which r e s u l t s  from t h e  c o n v e r s i o n  of n i t r a t e  
t o  t o x i c  n i t r i t e  i n  t h e  d i g e s t i v e  t r a c t ,  
It a p p e a r s  lEkeLy t h a t  s t a t e  and/or  f e d e r a l  r e g u l a t i o n s  
t o  c o n t r o l  n i t r a t e  c o n c e n t r a t i o n s  due  t o  a g r i c u l t u r a l  r u n o f f  
w i l l  k e  e n a c t e d .  T h i s  w i l l  f o r c e  farmers t o  u t i l i z e  methods of 
n i t r o g e n  c o n t r o l  o r  t o  reduce  rates of  n i t r o g e n  f e r t i l i z e r  ap- 
S i n c e  t h e  major  l o s s  of n i t r o g e n  i n  t h e  s o i l  occu r s  from 
l each ing  i n  f l a t  and g e n t l y  s l o p i n g  s o i l s ,  d e n i t r i f i c a t i o n  is a 
p o s s i b l e  means of reduc ing  n i t r o g e n  i n  f i e l d  t i l e  d r a i n a g e  
wa te r s ,  B e n i t r i f i , c a t i o n  p l a y s  an impor tan t  p a r t  i n  t h e  n i t r o g e n  
c y c l e  (see F i g u r e  1) by conve r t i ng  n i t r a t e  t o  n i t r o g e n  g a s  
through mic rob i a l  a c t i o n ,  By improving t h e  environment f o r  t h e  
d e n i t r i f y l n g  b a c t e r i a ,  s i g n i f i c a n t  decreases of n i t r a t e  i n  ground 
wate r  ma.y r e s u l t ,  
Recent f i e l d  s t u d i e s  have been conducted is C a l i f o r n i a  
t o  e v a l u a t e  d e n i t r i f i c a t i o n  a s  a  means o f  removing n i t r o g e n  from 
wate r  en  r o u t e  t o  t i l e  d r a i n s  (24). Evidence t h a t  d e n i t r i f i c a -  
t i o n  occur red  on a l a r g e  s c a l e  was n o t  conc lu s ive .  The r e l a -  
t i v e l y  humid c l i m a t e  and a c i d  s o i l s  i n  I l l i n o i s ,  compared t o  
C a l i f o r n i a ,  p r e s e n t  a  unique environment f o r  d e n i t r i f i c a t i o n  i n  
t h e  f i e l d ,  
FIGURE I 
THE NITROGEN CYCLE 
.... 
LOSS 4 
I I, LITERATURE REVIEW 
A, D e n i t r i f i c a t i o n  i n  Genera l  
D e n i t r i f i c a t i o n  i s  p r i m a r i l y  a  d i s s i m i l a t o r y  p r o c e s s  i n  
which f a c u l t a t i v e  anaerobes  reduce  n i t r a t e  and n i t r i t e  t o  vo la -  
t i l e  g a s e s ,  u s u a l l y  n i t r o u s  ox ide  and/or mo lecu l a r  n i t r o g e n ,  
D e n i t r i f y i n g  b a c t e r i a  grow under anae rob i c  o r  p a r t i a l l y  anae rob i c  
c o n d i t i o n s ,  p rov ided  a  s u i t a b l e  o x i d i z a b l e  s u b s t r a t e ,  u s u a l l y  or-  
g a n i c  matter,  is  p r e s e n t  i n  t h e  s o i l ,  D e n i t r i f i c a t i o n  i s  com- 
monly cons ide r ed  a  two o r  t h r e e  s t e p  p r o c e s s  whereby n i t r a t e  is  
f i r s t  reduced t o  n i t r i t e  and t h e n  t o  n i t r o u s  ox ide  and n i t r o g e n  
g a s .  
Although many common f a c u l t a t i v e  b a c t e r i a  a r e  c apab l e  of 
d e n i t r i f i c a t i o n ,  t h e i r  a b i l i t y  t o  do s o  v a r i e s ,  Some s p e c i e s  can 
reduce  b o t h  n i t r a t e  and n i t r i t e  t o  molecu la r  n i t r o g e n ;  some can 
on ly  reduce  n i t r a t e  t o  n i t r i t e ;  w h i l e  o t h e r s  reduce  n i t r i t e s  t o  
molecu la r  n i t r o g e n  (151,  S ince  heterogenous  p o p u l a t i o n s  of t h e s e  
organisms a r e  found i n  s o i l s ,  d e n i t r i f i c a t i o n  can b e  b a s i c a l l y  
cons ide r ed  a  two s t e p  p rocess ,  T h i s  p r o c e s s  is  r e p r e s e n t e d  
s t o i c h i o m e t r i c a l l y  below, u s i n g  methanol  a s  a  s o l u b l e  carbon 
sou rce  (121,  Note t h a t  n i t r a t e  i s  f i r s t  reduced t o  n i t r i t e  and . 
t h e n  t o  molecu la r  n i t r o g e n .  
S t e p  1: 3NO; + CH30H 3N0; + C02 + 2H 0 2 I 
S t e p  2: 2N0; + CH30H = N2 + C02 + H20 + 20H- 
Overa l l :  6N0; + SCH30H i 3N2 + 5C02 + 7H20 + 6 0 ~ -  
The t e r m  d e n i t r i f i c a t i o n  h a s  a l s o  been used t o  d e s c r i b e  
p r o c e s s e s  such  a s  t h e  a s s i m i l i t o r y  r e d u c t i o n  o f  n i t r a t e  by h i g h e r  
p l a n t s  and organisms t o  s a t i s f y  t h e i r  needs  f o r  o r g a n i c  n i t r o -  
gen ( 3 1 ,  H e r e  it w i l l  r e f e r  on ly  t o  t h e  m i c r o b i a l  p roces s  l ead-  
i n g  t o  t h e  gaseous  l o s s  of n i t r o g e n .  
B,  F a c t o r s  Af f ec t i ng  D e n i t r i f i c a t i o n  
Much of p r e s e n t  knowledge about  t h e  d e n i t r i f i c a t i o n  pro- 
cess h a s  been d i s cove red  i n  t h e  l a b o r a t o r y  due t o  t h e  many ex- 
pe r imen ta l  d i f f i c u l t i e s  a s s o c i a t e d  wi th  a  d e n i t r i f i c a t i o n  f i e l d  
s t u d y o  The p h y s i c a l  f a c t o r s  s u i t a b l e  f o r  a  d e n i t r i f y i n g  env i r -  
onment a r e  complex and i n t e r r e l a t e d .  Cont ro l  of  t h e s e  f a c t o r s  
i n  a d d i t i o n  t o  i d e n t i f y i n g  and measuring t h e  i n p u t s  and p roduc t s  
of d e n i t r i f i c a t i o n  ha s  d i scourage4  f i q J d  i n v e s t i g a t i o n s ,  How- 
e v e r ,  t h e  need f o r  such r e s e a r c h  h a s  become i n c r e a s i n g l y  g r e a t ,  
1, S o i l  Oxygen 
One of t h e  pr imary c o n d i t i o n s  neces sa ry  f o r  d e n i t r i f i c a -  
t i o n  i s  a  l i m i t e d  oxygen supply.  D e n i t r i f i c a t i o n  can b e  exten-  
s i v e  i n  s a t u r a t e d  o r  p a r t i a l l y  s a t u r a t e d  s o i l s  where gaseous  
i n t e r c h a n g e  wi th  t h e  atmosphere is low. The f a c u l t a t i v e  den i -  
t r i f e r s  s u b s t i t u t e  n i t r a t e  f o r  oxygen a s  a  hydrogen a c c e p t o r  a s  
t h e  oxygen i n  t h e  s o i l  i s  d e p l e t e d  i n  a  reduced so i l -wa t e r  en- 
vironment,  
The e f f e c t  of low oxygen l e v e l s  on d e n i t r i f i c a t i o n  h a s  
been s u b j e c t  t o  e x t e n s i v e  l a b o r a t o r y  r e sea rch .  Broadbent and 
S t o j a n o v i c  ( 6 )  found t h a t  t h e  deg ree  of d e n i t r i f i c a t i o n  i s  in -  
v e r s e l y  r e l a t e d  t o  t h e  p a r t i a l  p r e s s u r e  of oxygen i n  t h e  s o i l .  
Bremner and Shaw ( 4 )  showed t h a t  when waterlogged s o i l s  con ta in -  
i n g  n i t r a t e  and g l u c o s e  were mixed w i th  oxygen i n  s t oppe red  
f l a s k s ,  d e n i t r i f i c a t i o n  was complete ly  i n h i b i t e d .  They a l s o  
found d e n i t r i f i c a t i o n  was reduced  by 68% from i n c u b a t e d  s o i l  
s u s p e n s i o n s  which were n o t  a e r a t e d  t o  t h o s e  t h a t  were a e r a t e d  
c o n t i n u o u s l y .  
2. S o i l  Mois tu re  
S o i l  m o i s t u r e  c o n t e n t  h a s  a n  i n d l r e c t  e f fec t  on d e n i t r i -  
f i c a t i o n  a s  h i g h  m o i s t u r e  c o n t e n t s  i n h i b i t  oxygen d i f f u s i o n  i n t o  
t h e  s o i l .  Research  cond.ucted by Meek, e t  a l .  ( 1 6 )  i n d i c a t e d  
n i t r a t e - n i t r o g e n  became u n s t a b l e  when t h e  m o i s t u r e  was r a i s e d  
above 41% i n  a  s i l t y  c l a y  loam, Bremner gnd Shaw ( 4 )  s t a t e d  
t h a t  even when o t h e r  c o n d i t i o n s  were v e r y  f a v o r a b l e  f o r  d e n i t r i -  
f i c a t i o n ,  l i t t l e  l o s s  of n i t r o g e n  o c c u r r e d  if t h e  q o i s t u r e  con- 
t e n t  was less t h a n  60% of  t h e  w a t e r  h o l d i n g  c a p a c i t y  of t h e  
s o i l .  Mahendrappa and Smith ( 1 4 )  found t h a t  d e n i t r i f i c a t i o n  
proceeded a t  f a s t e r  r a t e s  a t  w a t e r  c o n t e n t s  n e a r  s a t u r a t i o n .  
D e n i t r i f i c a t i o n  a p p a r e n t l y  i n c r e a s e s  w i t h  i n c r e a s i n g  
m o i s t u r e  c o n t e n t  beyond 100 p e r c e n t  m o i s t u r e  h o l d i n g  c a p a c i t y  
by  weight .  Bremner and Shaw ( 4 )  found t h a t  by a d d i n g . w a t e r  t o  
s o i l  t o  form a s o i l  s l u r r y  w i t h  a  450 p e r c e n t  m o i s t u r e  c o n t e n t ,  
t h e r e  r e s u l t e d  an i n c r e a s e d  l o s s  of n i t r o g e n .  S t u d i e s  by 
Nomrnik (18) and J a n s s o n  and Cla rk  ('11) conf i rm t h i s  effect. 
I n  - .d i scuss ing  t h e  effect of  s o i l  m o i s t u r e  c o n t e n t  o r  
l imi t ed  oxygen supp ly  on d e n i t r i f i c a t i o n ,  t h e  m i c r o s c o p i c  a s  
w e l l  a s  t h e  macroscopic  d e n i t r i f y i n g  environment  must be con- 
sidered, Broadbent  and S t o j a n o v i c  ( 6 )  and A l l i s o n ,  e t  a l .  ( 1 1 ,  
i n  working w i t h  a e r a t e d  s o i l s ,  b o t h  obse rved  some d e g r e e  of  
d e n i t r i f i c a t i o n .  Tn c o n t r a s t ,  o t h e r  r e s e a r c h e r s  r e p o r t  l i t t l e  
d e n i t r i f i c a t i o n  i n  w e l l  a e r a t e d  sys tems,  Wijler and Delwiche (25) 
r a t e  a t  which t h e  o r g w i c  m a t t e r ' i n  t h e  s o i l  can be  decomposed 
and s o l u b l e  carbon suppl ied  t o  t h e  d e n i t r i f y i n g  b a c t e r i a  d i r e c t l y  
in£  luences  t h e  t a t e  of d e n i t r i f i c a t i o n ,  
Many s o i l s  may con ta in  s u f f i c i e n t  organic  ma t t e r  t o  sus- 
t a i n  h igh  r a t e s  of d e n i t r i f i c a t i o n  without applying a d d i t i o n a l  
carbon. Jones ( 1 3 )  found t h a t  a  loam s o i l  contained s u f f i c i e n t  
energy m a t e r i a l  Co support  almost an i d e n t i c a l  d e n i t r i f i c a t i o n  
r a t e  a s  t h a t  induced by a  c o n t r o l l e d  amount of sucrose  added t o  
t h e  same s o i l .  
Ce l lu lose ,  an organic  ma te r i a l  which dacsmposes r a p i d l y ,  
gene ra l ly  r e s u l t s  i n  h igher  d e n i t r i z i c a t i o n  rates than l i g n i n ,  
which decomposes much more slowly,  Brgmner and Shaw ( 4 )  found 
t h a t  800 mg of wheat s t raw added t o  a s o i l  s m p l e  gave t h e  same 
r a t e  of d e n i t r i f i c a t i o n  a f t e r  twelva days a s  5 mg of sucrose  
added t o  t h e  @ m e  s o i l ,  Corey, e$ 91, ( 8 )  showed t h a t  increas-  
i ng  sucrose  from 50 t o  200 ppm i n ' a  sandy s o i l  i n ~ r e a s e d  t h e  
d e n i t r i f i c a t i o n  rate by 46%. 
4. Temperature 
Den i t r i fy ing  b a c t e r i a  a r e  s e n s i t i v e  t o  temperature 
changes. Bremner and Shawls ( 4 )  s t u d i e s  i n d i c a t e  d e n i t r i f i c a t i o n  
i s  n e g l i g i b l e  below 2 ' ~  and inc reases  r a p i d l y  a s  t h e  temperature - 
i s  r a i s e d  t o  25'~. The optimum temperature  was found t o  be  ap- 
proximately 60°C. Nomik (18) found a  comparable optimum t e m -  
p e r a t u r e  f o r  d e n i t r i f i c a t i o n  of about 65'~. 
Broadbent and Clark ( 5 )  s ta te  t h a t  t h e  r e l a t i v e  propor- 
t i o n s  of n i t r o u s  oxide and molecular n i t rogen  i n  t h e  gaseous pro- 
duc t s  of d e n i t r i f i c a t i o n  vary wi th  temperature.  Ni t rous oxide 
found t h a t  oxygen t e n s i o n s  of 2-0 cm of mercury suppressed 
d e n i t r i f i c a t i o n  r a t e s  t o  about one- twent ie th  of t h e  anae rob ic  
d e n i t r i f i c a t i o n  found i n  t h e  same s o i l .  
It i s  p o s s i b l e  t h a t  t h e s e  c o n f l i c t i n g  r e p o r t s  may be  due 
t o  t h e  development of  microscopic  volumes of anae rob ic  environ- 
ment w i th in  sys tems thought  t o  be  we l l  a e r a t e d ,  I f  a  r e a d i l y  
decomposable s u b s t r a t e  i s  p r e s e n t  i n  a merium s u i t a b l e  f o r  de- 
n i t r i f i c a t i o n ,  t h e  b i o l o g i c a l  oxygen demand may i n c r e a s e  t o  a 
p o i n t  where t h e  r a t e  of oxygen d i f f u s i o n  i n t o  t h e  system i s  in -  
s u f f i c i e n t  and s c a t t e r e d  microzones may undergo cons ide rab l e  
d e n i t r i f i c a t i o n ,  Th i s  may occur  i n  s o i l s  thought  t o  b e  we l l  
a e r a t e d ,  Th i s  t h e ~ r y  is  s u b s t a n t i a t e d  by Nommik (181,  who found 
t h a t  d e n i t r i f i c a t i o n  i n c r e a s e d  wi th  dec reas ing  s i z e  of s o i l  ag- 
g r e g a t e s .  Presumably, t h i s  may b e  due t o  t h e  fo rmat ion  of 
anaerob ic  zones w i th in  t h e  smal l  po re s  spaces ,  wh i l e  l a r g e r  
po re s  would k e t  c o n t a i n  a i r  voids .  
From t h e  p rev ious  d i s c u s s i o n  it i s  obvious t h a t  t h e  r a t e  , 
of oxygen d i f f u s i o n  i n t o  and through t h e  s o i l  v o i d s  is  more i m -  
p o r t a n t  t han  t h e  p re sence  of oxygen i n  t h e  s o i l  i n  p r e d i c t i n g  
t h e  e x t e n t  of d e n i t r i f i c a t i o n  under f i e l d  c o n d i t i o n s  ( 5 ) .  
3 .  Oxidizable  M a t e r i a l s  
The n a t u r e  and c o n t e n t  of an o x i d i z a b l e  s u b s t r a t e  i n  t h e  
s o i l  can have a marked e f f e c t  on d e n i t r i f i c a t i o n .  An energy 
source  is needed f o r  t h e  d e n i t r i f i c a t i o n  p r o c e s s  t o  proceed 
s i n c e  t h e  f r e e  energy change i n  reducing n i t r a t e  t o  molecular  
n i t rogen  is p o s i t i v e .  The o rgan ic  m a t t e r  i n  t h e  s o i l  s e r v e s  a s  
an energy sou rce  by supply ing  carbon a s  a hydrogen donor. The 
i s  predominant  a t  lower  t empe ra tu r e s  and mo lecu l a r  gas a t  h i g h e r  
t empe ra tu r e s .  Th i s  s u g g e s t s  a  h i g h  t empe ra tu r e  c o e f f i c i e n t  f o r  
t h e  r e d u c t i o n  of n i t r o u s  ox ide  t o  mo lecu l a r  n i t r o g e n ,  
5 ,  pH 
The r a t e  of  d e n i t r i f i c a t i o n  h a s  been found t o  b e  ve ry  
/ 
slow i n  a c i d  s o i l s  and r a p i d  i n  s o i l s  of h igh  pH. Bremner and 
Shaw 64) showed t h a t  an i n c r e a s e  i n  pH from 4.8 t o  5.1 i n c r e a s e d  
t h e  d e n i t r i f i c a t i o n  r a t e  from 15% t o  80% wh i l e  an i n c r e a s e  i n  pH 
from 5.1 t o  8.0 on ly  i n c r e a s e d  t h e  d e n i t r i f i c a t i o n  r a t e  by 5%. 
To suppo r t  t h e s e  f i n d i n g s ,  Wijler and Delwiche ( 2 5 )  found l i t t l e  
change i n  d e n i t r i f i c a t i o n  r a t e s  abov'e pH 6.0. 
Wijler and Delwiche ( 2 5 )  a l s o  found t h a t  n i t r o u s  ox ide  
was predominant  i n  t h e  d e n i t r i f i c a t i o n  g a s  below pH 7 and fu r -  
t h e r  r e d u c t i o n  of n i t r o u s  ox ide  t o  n i t r o g e n  g a s  was n o t  s i g n i f i -  
c a n t  u n t i l  pH 7 had been exceeded. 
6. Flow V e l o c i t y  
1 Loss of added n i t r a t e  t o  expe r imen t a l  s o i l  samples h a s  
I 
I been found t o  b e  lower  when t h e  s o i l  wa t e r  i s  moving t h a n  under  
I s t a t i c  c o n d i t i o n s .  Although most l a b o r a t o r y  d e n i t r i f i c a t i o n  
s t u d i e s  have been conducted  under  s t a t i c  cond i t ions ,  i n  a c t u a l -  
i t y  t h e  s o i l  water i s  always f lowing i n  t h e  f i e l d ,  e s p e c i a l l y  
n e a r  t i l e  d r a i n s ,  Corey, e t  a l .  ( 8 )  found t h a t  immobi l i za t ion  
and d e n i t r i f i c a t i o n  by m i c r o b i a l  a c t i v i t y  i s  d i r e c t l y  r e l a t e d  t o  
t h e  v e l o c i t y  of flow. A t  a  v e l o c i t y  of 1.32 cm/hr th rough  a  
s o i l  column no added n i t r a t e  was l o s t ,  b u t  a t  0.11 cm/hr 21% of 
t h e  added n i t r a t e  was e i t h e r  immobil ized o r  d e n i t r i f i e d ,  w i t h  no 
d i s t i n c t i o n  made as t o  t h e  f a t e  of t h e  n i t r a t e .  
7,  Radox P o t e n t i a l  
Redox p o t e n t i a l  is def ined  as t h e  equ iva len t  f r e e  energy 
p e r  mole of e l e c t r o n s  a s s o c i a t e d  with  a given reduct ion  (22 ) .  
Since many oxidat ion-reduct ion couples  are p r e s e n t  in t h e  f i e l d ,  
redox measurements axe inadsquqte  i n  c h a r a c t e r i z i n g  a, p a r k i c u l a r '  
redox r eac t ion  such a s  n i t r a t e  reduct ion ,  Redox p o t e n t i a l s  can 
be  va luable  i n  t h e  l abora to ry  under ~ o n d i t i o n p  which al low t h e  
r e sea rche r  t o  con$rol a s p e c i f i c  reaqt ion .  
Redox po tenk ia l  a s  a d e n i t r j f i q a t i o n  efrvironmental para- 
meter can be important i n  submerge4 o r  ga fu ra t ed  s ~ i l s  where 
s u f f i c i e n t  c o n t r o l  of v a r i a b l e s  a f f e c t i n g  d e n i f r i f i c a t i o n  i s  
poss ib l e ,  P a t r i ~ k  and Mahapatra ( 2 9 )  c$$e q number oZ advantages 
of measuring redox p o t e n t i a l s  i n  sqt;uratsd s o i l s .  .The range of 
~ o t e n t i a l  i s  r e l a t i v e l y  hkgh i n  s a t u r a t e d  s o i l s  (1000 mv) a s  
compared t o  well-drained s o i l s  (300 mv), The h igher  concentra- 
t i o n e  of reduced elements under waterlogged soi1.s c o n t r i b u t e  t o  
b e t t e r  poising and t h u s  t o  b e f t e r  r e p r o d u c i b i l i t y  of  redox poten- 
t i a l .  Also,  redox p o t e n t i a l  is a aonvenient means of determin- 
i n g  t h e  oxygsq s t a t u 8  i n  submerged s o i l s ,  Conventional methods 
of measuring oxygen con ten t  and,diffus$on ra tes  cannot be used 
i n  waterlogged s p i l s .  
Resu l t s  a f  aeve ra l  o x i d a t i o n ~ r e d u g t i o n  s t u d i e s  (19,  21) 
aye i n  gene ra l  agreement t h a t  oxygen d iaappaars  and n i t r a t e  re-  
duc t ion  begins  a t  a redox p o t e n t i a l  of approx4mately 320 m i l l i -  
v o l t s  a t  pH 7. . 
C. F i e l d  D e n i t r i f i c a t i o n  S t u d i e s  
A s  s t a t e d  e a r l i e r ,  f i e l d  s t u d i e s  on d e n i t r i f i c a t i o n  have 
been l i m i t e d  due t o  exper imental  d i f f i c u l t y  i n  i d e n t i f y i n g  and 
moni tor ing t h e  i n p u t s  and p roduc t s  of t h e  d e n i t r i f i c a t i o n  pro- 
c e s s .  However, t h e r e  have been s e v e r a l  r e c e n t  f i e l d  i n v e s t i g a -  
t i o n s  which have no t  on ly  added t o  t h e  g e n e r a l  knowledge about  
d e n i t r i f i c a t i o n  b u t  a l s o  have i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of 
u t i l i z i n g  t h e  d e n i t r i f i c a t i o n  p roces s  t o  remove n i t r o g e n  from 
d ra inage  e f f l u e n t .  
S t u d i e s  conducted by Meek, e t  a l e  (16) i n  t h e  Imper i a l  
Va l ley  of C a l i f o r n i a  on an i r r i g a t e d  f i e l d  showed t h a t  n i t r a t e  
c o n c e n t r a t i o n s  were h igh  n e a r  t h e  s o i l  s u r f a c e  b u t  decreased  a t  
dep ths  approaching t h e  wate r  t a b l e ,  i n d i c a t i n g  d e n i t r i f i c a t i o n  
p o s s i b l y  occurred i n  t h e  c a p i l l a r y  f r i n g e  above t h e  wate r  t a b l e .  
F u r t h e r  s t u d i e s  by Wil lardson,  e t  a l .  ( 2 4 )  i n  r e l a t i o n  t o  sub- 
merged f i e l d  t i l e  d r a i n s  i n  t h e  San Joaquin  Val ley were incon- 
c l u s i v e  a s  t o  whether s i g n i f i c a n t  n i t r o g e n  l o s s  due t o  d e n i t r i -  
f i c a t i o n  occurred,  No added s o l u b l e  carbon sou rce  was p laced  i n  
t h e  s o i l .  
Tusneem and ~ a t r i ' c k Y 2 )  found l a r g e  l o s s e s  of t s t a l  s o i l  
n i t r o g e n  can occur  du r ing  a l t e r n a t e  p e r i o d s  of  w e t t i n g  and dry- 
i n g  of t h e  s o i l  which p e r m i t s  n i t r i f i c a t i o n  and subsequent ly  
d e n i t r i f i c a t i o n .  Losses  up t o  14% t o  16% were recorded,  
Beer and K o e l l i k e r  (221,  working wi th  f i l t r a t i o n  through 
s o i l  p r o f i l e s  t o  reduce ground wate r  p o l l u t i o n  due t o  lagoon 
e f f l u e n t  i r r i g a t i o n ,  a t t r i b u t e d  40% t o  80% n i t r o g e n  l o s s  t o  
d e n i t r i f i c a t i o n .  T h e i r  r e sea rch  a l s o  i n d i c a t e d  s o i l  o rgan ic  
matter may be a l i m i t i n g  factox  ovsq a period o f  several  years 
a s  the  d e n i t r i f i c a t i o n  processes y t i l i g e  t h e  avai lable  carbon. 
This suggests addition of  a so1ubJ.e carbon source,  suqh a s  
methanol, would be necessary t o  maintain high d e n i t r i f i c a t i o n  
ra tes  over an extended t i m e  period. 
111, OBJECTIVES 
The o b j e c t i v e s  of  t h i s  s tudy  were: 
li To conduct a l a b o r a t o r y  i n v e s q i g a t i o n  t o  de te rmine  if 
s i g n i f i c a n t  q u a n t i t i e s  of n i t r a t e  n i t r o g e n  could  be  re-  
duced t o  t h e  gaseous s t a t e  i n  a porous me4ium. 
2. To compare methanol and sawdust a$ carbon s u b s t r a t e s  
f o r  d e n i t r i f i c a t i o n ,  
3 .  To determine Obe e f f e c t  of tempexature as a v a r i a b l e  i n  
t h e  d e n i t r i f i c a t i o n  proueos. 
4. To in t roduce  f low v e l q c i t y  as a fa~tqr i n  t h e  d e n i t r i f i -  
c a t i o n  proegss, 
IV. APPARATUS 
A temperature  c o n t r o l  chamber with  dimensions o f  2.44 III. 
by 2.44 m. by 5.09 m. was cons t ruc ted  i n  which t h e  tamphrature 
could be c o n t r o l l e d  from 1 3 ' ~  ( ~ 6 ~ ~ 1  t o  approximately 2 7 ' ~  
( 9 0 O ~ ) .  The chamber and gene ra l  l ayout  of t h e  appara tus  a r e  
shown i n  Figures  3a and 3b. 
The d e n i t r i f i c a t i o n  flow appqratus  cons i s t ed  of 152 and 
182 cm, l eng ths  of p l e x i g l a s s  Cubes having q 11.4 c m .  o u t e r  
diameter and a .32 cm. wal l  thickness .  Pa$.rs of t h e s e  tubes  
were connected by p l e x i g l a s s  e langas  $0 form 6 t ubes  of e i t h e r  
304 c m ,  o r  364 cm.  i n  length.  These c y l i n d e r s  were f i l l e d  with 
sand compacted by hand t o  approximate f i e l d  d e n s i t y  and l a i d  
h o r i z o n t a l l y  ac ross  a support ing table. 
A l l  tubes  were f i l l e d  wi th  a brown sand except  Tube 1 
which was f i l l e d  wi th  a  washed white s i l i c a  sand o f  sma l l e r  
p a r t i c l e  s i z e .  A s i e v e  a n a l y s i s  was conducCad t o  determine t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  bo th  sands. The r e s u l t s  a r e  
l i s t e d  i n  Table I. 
Three carbon t rea tments  were r e p l i c a t e d  i n  t h e  s i x  sand 
columns, A s  s h a m  i n  Figure  2, Tubes 1 and 5 served a s  checks,  
Tubes 2 and 6 werg f i l l e d  with a  sand~sawdus~ . rn ix tuxe  contain-  
i n g  7% sawdust by d r y  weight,  and Tubes 3 wd 4 were t r s a e e d  
with a  continuous flow of JOOQ ppm methanol which w g s  added t o  
t h e  demineralized water ~ u p p l y ~ r e s e r v o i r .  
A diagram of t h e  deni r t ; r i f ica t ion  flow appara tus  contained 
wi th in  t h e  c o n t r o l l e d  temperature chamber 4s s h ~ w n  i n  Figure  4*  
FIGURE 2 
TUBE TREATMENTS - ADDED CARBON 
FRONT VIEW 
TUBE I TUBE 2 TUBE 3 TUBE 4 TUBE 5 TUBE. 6 
CHECK SAWDUST YETHAlYOL METHANOL CHECK SAWDUST 
w n m  BROWN errown mown BROWN m o w n  
SAND SAND SAND SAND SAND SAND 
TABLE I 
SIEVE ANALYSIS 
0ROWN SAND WHITE SAND 
SIZE MICRONS '10 0 Y  WEIGHT SIZE MICRON '10 BY WEIGHT 
0 - 1 4 9  3 . 8  0 - 7 0  2 5 . 2  
1 4 9  - 2 1 0  1 3 . 0  7 0  - 100 4 3 . 0  
2  I 0  - 2 5 0  1 2 . 7  100 - 120 1 2 . 3  
2 5 0  - 4 2 0  5 0 . 4  1 2 0  - 2 0 0  17 . 7  
4 2 0  - 5 0 0  9 . 6  2 0 0  - 2 3 0  0 . 8  
'500  1 0 . 5  >2 3 0  1 . O  

FIGURE 4 
DENITRIFICATION FLOW APPARATUS 
SIDE VIEW 
TO DEYlNERALlZED H20 SUPPLY 
- 
NOT TO SCALE 
Deminera l ized wa t e r  e n t e r e d  t h e  sand columns a t  t h e  l e f t  o f  t h e  
diagram th rough  rubbe r  t u b i n g  connected  t o  t h e  c e n t e r  o f  t h e  end 
of each  p l . ex ig l a s s  c y l i n d e r .  Two c y l i n d r i c a l  p l e x i g l a s s  con- 
t a i n e r s  were used a s  wa t e r  supp ly  r e s e r v o i r s  i n  which t h e  wa t e r  
l e v e l  was main ta ined  a t  a  c o n s t a n t  l e v e l  by f l o a t  va lve s .  The 
supp ly  r e s e r v o i r s  a r e  shown i n  F i g u r e  5a ,  The w a t e r  supp ly  was 
--- 
demine ra l i z ed  w i t h  a Barns tead  mixed bed c a r t r i d g e  d e m i n e r a l i z e s  
b e f o r e  en t e r . i ng  t h e  wa t e r  supp ly  r e s e r v o i r s ,  
One o f  t h e  wa te r  supp ly  r e s e r v o i r s  was connected  t o  t h e  
two check sand  columns and t h e  two columns c o n t a i n i n g  t h e  sand- 
sawdust mixture .  A 1000 ppm methanol s o l u t i o n  was added t o  t h e  
demine ra l i z ed  wa t e r  e n t e r i n g  t h e  o t h e r  supp ly  r e s e r v o i r ,  which 
was connected  t o  t h e  two remaining sand columns, Both water sup- 
p l y  r e s e r v a i k s  c o n t a i n e d  ceramic  s t o n e s  th rough  which h i g h  pur- 
i t y  n i t r o g e n  g a s  e n t e r e d  t h e  wa te r  under  a  c o n s t a n t  p r e s s u r e .  
The n i t r o g e n  g a s  was used t o  s a t u r a t e  t h e  w a t e r  supp ly ,  t h u s  
s t r i p p i n g  oxygen from t h e  demine ra l i z ed  wa te r ,  Each of t h e  sup- 
p l y  r e s e r v o i r s  was covered w i t h  po lye thy l ene  s h e e t i n g .  Random 
t e s t i n g  of t h e  w a t e r  supp ly  r e s e r v o i r s  k i t h  a  Yellow S p r i n g s  
oxygen m e t e r  i n d i c a t e d  t h a t  t h e  oxygen c o n t e n t  of t h e  wa te r  was 
reduced t o  approx imate ly  4 ppm, 
E f f l u e n t  t u b e s  were connected  t o  t h e  c e n t e r  o f  t h e  down- 
s t ream end of each  column a s  shown i n  F i g u r e  5b. The e f f l u e n t  
t u b e s  were connected  by a d j u s t a b l e  clamps t o  r i n g s t a n d s  s o  t h a t  
t h e i r  e l e v a t i o n  i n  r e l a t i o n  t o  t h e  wa te r  s t o r a g e  r e s e r v o i r  
Levels  cou ld  b e  c o n t r o l l e d .  The o u t l e t s  of t h e  e f f l u e n t  t u b e s  
w e r e  clamped i n  f i x e d  p o s i t i o n  over  a  r o t a t i n g  t a b l e  ( F i g u r e  3b)  

conta in ing  f l i n t  g l a s s  sampling b o t t l e s  of one l iter capac i ty .  
A t imer  and microswitch system was s e t  s o  t h a t  an electr ic motor 
r o t a t e d  t h e  t a b l e  t o  a  new set of sample b o t t l e s  a t  twelve hour 
i n t e r v a l s .  
Gas c o l l e c t i o n  dev ices ,  shown on t h e  r i g h t  i n  Figure  4 ,  
were cons t ruc ted  t o  t r a p  g a s  c o l l e c t i n g  wi th in  t h e  upper down- 
stream p o r t i o n  of t h e  sand columns. This  was accomplished by 
c l o s i n g  t h e  va lve  f o r  d i r e c t  glow through t h e  lower e f f l u e n t  
tubing s o  t h a t  flow was d i r e c t e d  through t h e  g a s  c o l l e c t i o n  de- 
v i c e s ,  These devices  were made of p l e x i g l a s s  c y l i n d e r s  and 
f l anges  and had a  maximum volume of 100 cubic cen t ime te r s , ,  Stop- 
cocks a t  t h e  t o p  of each g a s  c o l l e c t i o n  dev ice  were used t o  al low 
entrapped g a s  t o  escape and a l s o  t o  obta in  samples f o r  ana lys i s .  
S i x  g l a s s  tub ing  p o r t s  were pos i t ioned  e q u i d i s t a n t  along 
t h e  bottom s i d e '  of e a c h s a n d  column and connected t o  a  piezo- 
meter bank. The black arrows of Figure  6a i n d i c a t e  supply r e se r -  
v o i r  and e f f l u e n t  t ube  e lkva t ions .  P l a s t i c  mesh was r o l l e d  and 
placed i n  each s t u d  t o  a c t  a s  f i l t e r s  and prevent  sand from 
e n t e r i n g  t h e  piezometer tubing.  

V. PROCEDURE 
N i t r a t e  l o s s e s  were measured by us ing  t h e  technique  de- 
veloped by Corey, e t  a l .  (81, i n  which "breakthrough curves"  of 
n i t r a t e  were compared wi th  c h l o r i d e  by p l o t t i n g  e f f l u e n t  concen- 
t r a t i o n s  of bo th  i o n s  ve r sus  e f f l u e n t  volume increments  f o r  a  
s o i l  column flow appara tus .  
For t h i s  s t u d y ,  a  n i t r a t e / c h l o r i d e  s o l u t i o n  con ta in ing  
equal  concen t r a t i on  of bo th  i o n s  w a s  p repared  by d i s s o l v i n g  
sodium n i t r a t e  and potassium c h l o r i d e  i n  one l i t e r  of  double  
d i s t i l l e d  water ,  Th i s  s o l u t i o n  w a s  used as a n i t r a t e / c h l o r i d e  
source  f o r  each t e s t  and conta ined  50,000 ppn of n i t r a t e  and 
50,000 ppm of c h l o r i d e .  
The sand columns were p re - sa tu ra t ed  b e f o r e  t h e  t e s t s  were 
s t a r t e d ,  One-half i n c h  d iameter  h o l e s  were d r i l l e d  3t one f o o t  
i n t e r v a l s  i n  t h e  t o p  of t h e  p l e x i g l a s s  c y l i n d e r s  con ta in ing  t h e  
sand columns. A s  t h e  s a t u r a t i o n  f r o n t  advanced a long t h e  sand 
columns t h e  h o l e s  were s e a l e d  wi th  rubber  s t o p p e r s ,  A f t e r  t h e  
columns were s a t u r a t e d ,  t h e  e f f l u e n t  t ubes  were a d j u s t e d  i n  r e -  
l a t i o n  t o  t h e  wate r  supply r e s e r v o i r s  t o  o b t a i n  an average f low 
r a t e  of approximately 500 m i l l i l i t e r s  p e r  day, D i f f e r ences  i n  
e l e v a t i o n  were measured w i t h  a  smal l  l e v e l ,  
Each piezometer was checked f o r  two way flow by back 
p re s su r ing  t h e  piezometer connect ions  through a manifold.  Any 
piezometer n o t  e x h i b i t i n g  two way flow was checked f o r  f i l t e r  
clogging.  Tes t ing  was n o t  begun u n t i l  t h e  t o t a l  head l o s s  a long 
each sand column w a s  e q u a l l y  d i s t r i b u t e d  between t h e  piezometers  
f o r  t h a t  column, a s  shown i n  F i g u r e  6a. T h i s  p rocedure  he lped  
a s s u r e  uniform s a t u r a t i o n  o f  t h e  sand columns. 
A c o n s t a n t  volume of 50 m i l l i l i t e r s  of t h e  n i t r a t e /  
c h l o r i d e  s o l u t i o n  was added t o  each  column f o r  each  t es t .  The 
s o l u t i o n  was i n j e c t e d  w i t h  a 50 m i l l i l i t e r  c a p a c i t y  hypodermic 
s y r i n g e  th rough  a rubbe r  s t o p p e r  l o c a t e d  295 c e n t i m e t e r s  from 
t h e  downstream end o f  each column, t h u s  i n t r o d u c i n g  2500 m i l l i -  
grams of n i t r a t e  and 2500 mi l l i g r ams  of c h l o r i d e  a t  one p o i n t .  
The need l e  of t h e  s y r i n g e  extended approximate ly  two c e n t i m e t e r s  
i n t o  t h e  upper  h a l f  o f  t h e  column c ros s - s ec t i on .  
From t h e  t i m e  of  each n i t r a t e / c h l o r i d e  i n j e c t i o n ,  flow 
was measured v o l u m e t r i c a l l y  a t  twe lve  hour  i n t e r v a l s  us ing  t h e  
r o t a t i n g  sampl ing t a b l e .  Samples w e r e  t aken  from each e f f l u e n t  
volume, measured, s t o r e d  i n  4 ounce p l a s t i c  b o t t l e s ,  and analyzed 
d a i l y  f o r  n i t r a t e  and c h l o r i d e  c o n c e n t r a t i o n s .  Samples n o t  
analyzed t h e  same' day c o l l e c t e d  w e r e  r e f r i g e r a t e d  u n t i l  a n a l y s f s .  
Head l o s s  and piezometer  e l e v a t i o n s  w e r e  r ecorded  d a i l y  f o r  each 
column. 
N i t r a t e  c o n c e n t r a t i o n s  w e r e  measured u s i n g  t h e  s p e c i f i c  
i on  method. An Orion n i t r a t e  e l e c t r o d e  model 92-07 i n  combina- 
t i o n  w i t h  a Beckman 39400 r e f e r e n c e  e l e c t r o d e  were connected t o  
a Beckman expanded s c a l e  d i g i t a l  pH meter a s  shown i n  F igu re  6b. 
The n i t r a t e  e l e c t r o d e  was c a l i b r a t e d  b e f o r e  and a f t e r  each u se  
w i th  a set  of  s t a n d a r d s  rang ing  i n  c o n c e n t r a t i o n  from 5 t o  2500 
ppm. A t y p i c a l  c a l i b r a t i o n  curve  p l o t t e d  on s emi loga r i t hmic  
paper  i s  shown i n  F igu re  B-1, Appendix B. Sample s i z e s  of 20 t o  
50 m i l l i l i t e r s  were t e s t e d  wi th  t h e  e l e c t r o d e .  C o r r e c t i o n s  w e r e  
made f o r  c h l o r i d e  i n t e r f e r e n c e  of t h e  n i t r a t e  e l e c t r o d e  when t h e  
n i t r a t e  c o n c e n t r a t i o n  w a s  found t o  b e  two o r d e r s  o f  magnitude 
l e s s  t han  the c h l o r i d e  concen t r a t i on .  T h i s  c o r r e c t i o n  f o r  ch lo r -  
i d e  i o n  i n t e r f e r e n c e  i s  d i scus sed  i n  d e t a i l  under  Sec t ion  4 ,  
P a r t  G, of Result ,s  and Discuss ion.  
Ch lo r ide  c o n c e n t r a t i o n s  were determined by u s i n g  t h e  
a rgen tomets ie  t echnique  desc r ibed  i n  S tandard  Methods f o r  t h e  
Examination of Water and Wastewater, 1971. Samples were d i l u t e d  
L:3 o r  1:4  wi th  d i s t i l l e d  wate r  t o  30 m i l l i l i t e r s  and t i t r a t e d  
wi th  s i l v e r  n i t r a t e  u s i n g  potass ium chromate a s  an i n d i c a t o r .  
The t i t r a t i o n  appa ra tu s  i s  shown i n  F igu re  7a. 
Beckman Model 39186 pla t inum r e f e r e n c e  combination 
e l e c t r o d e s  f o r  measurement of redox p o t e n t i a l  were i n s t a l l e d  
halfway i n t o  each sand column through h o l e s  i n  t h e  t o p  of each 
p l e x i g l a s s  c y l i n d e r ,  These were d r i l l e d  approximately  15  c e n t i -  
mete rs  from t h e  e f f l u e n t  end of t h e  column ( F i g u r e  7b).  Before . 
i n s t a l l a t i o n  a l l  redox e l e c t r o d e s  were checked i n  a quinhydrone 
s tandard .  The m i l l i v o l t  r ead ings  f o r  t h i s  s t a n d a r d  a r e  l i s t e d  
below: 
TABLE 2 
STANDARD 17ATION OF' REDOX ELECTRODEB ~ 
Redox E l e c t r o d e  Redox P o t e n t i a l  (mv) 
Tube 1 222 
Tube 2 218 





An Orion Model 401 s p e c i f i c  i o n  meter was used w i t h  t h e  redox  
e l e c t r o d e s  t o  o b t a i n  d a i l y  redox p o t e n t i a l s ,  i n  m i l l i v o l t s ,  a t  
p o i n t  l o c a t i o n s  i n  t h e  sand columns. 
When t h e  e f f l u e n t  a n a l y s i s  i n d i c a t e d  t h e  n i t r a t e / c h l o r i d e  
a p p l i c a t i o n s  were l e a v i n g  t h e  methanol t r e a t e d  sand columns dur-  
i n g  t h e  2 4 O ~  and 13OC tests, e f f l u e n t  samples w e r e  k e p t  and 
a c i d i f i e d  w i t h  s u l f u r i c  a c i d  u n t i l  ana lyzed  f o r  t o t a l  o r g a n i c  
carbon,  Samples w e r e  a l s o  t aken  from t h e  methanol  t r e a t e d  w a t e r  
supp ly  r e s e r v o i r  t o  de t e rmine  i f  t h e  1000 ppm methanol  l e v e l  was 
main ta ined .  A l l  samples were t e s t e d  w i t h  a  Beckman Model 915 
T o t a l  Carbon Analyzer  t o  de te rmine  i f  s o l u b l e  carbon l e v e l s  
a c t u a l l y  dec r ea sed  d u r i n g  f low i n t e r v a l s  where n i t r a t e  l o s s e s  
due  t o  d e n i t r i f i c a t i o n  were expected .  Only t h e  t o t a l  o r g a n i c  
carbon f u r n a c e  of  t h e  o r g a n i c  carbon a n a l y z e r  was used. The 
a n a l y z e r  w a s  c a l i b r a t e d  b e f o r e  and a f t e r  each  u s e  u s i n g  d i l u t e d  
samples of a 1000 ppm o r g a n i c  carbon s t anda rd .  Sample volumes 
of  20 m i c r o l i t e r s  were i n j e c t e d  i n t o  t h e  f u r n a c e  by  a  s p r i n g  
release sy r inge .  h 
Two g a s  samples w e r e  e x t r a c t e d  from t h e  g a s  c o l l e c t i o n  
d e v i c e  of  Tube 3  n e a r  t h e  complet ion o f  t h e  1 8 O ~  t e s t .  These 
samples w e r e  ana lyzed  w i t h  a  s i ng l e /doub l e  f ocus ing  mass spec-  
t r o m e t e r  on l i n e  t o  a s m a l l  d e d i c a t e d  computer ope ra t ed  by t h e  
Burns ides  Research Cen t e r ,  Co l lege  o f  A g r i c u l t u r e ,  U n i v e r s i t y  
of I l l i n o i s  a t  Urbana, I l l i n o i s .  Only t h e  q u a l i t a t i v e  s t r u c t u r e  
of t h e  g a s  samples was determined u s ing  t h i s  equipment,  Before  
a n a l y s i s ,  t h e  samples w e r e  c l e aned  of  m o i s t u r e  w i t h  a  d r y  ice 
t r a p  
V I .  RESULTS AND DISCUSSION 
A,  Loss of Added N i t r a t e  
Before d i s c u s s i n g  t h e  r e s u l t s ,  some g e n e r a l  terminology 
should  f i r s t  be  de f ined .  Losses  o f  n i t r a t e  added t o  t h e  sand 
columns ( h e r e a f t e r  s imply r e f e r r e d  t o  a s  columns) a r e  expressed  
a s  t h e  p e r c e n t  of added n i t r a t e  mass no t  recovered ,  r a t h e r  t h a n  
n i t r a t e  r educ t i on .  Column r e f e r s  on ly  t o  t h e  sand w i th in  t h e  
p l e x i g l a s s  t u b e  u n i t .  N i t r a t e  r e d u c t i o n  is  t h e  d e c r e a s e  i n  oxi-  
d a t i o n  number of n i t r o g e n  a s s o c i a t e d  w i t h  d e n i t r i f i c a t i o n  o r  as-  
s i m i l a t i o n .  I n  t h i s  s t u d y ,  s i n c e  t h e  g a s e s  evolved w i t h i n  t h e  
columns du r ing  t e s t  i n t e r v a l s  were n o t  p o s i t i v e l y  i d e n t i f i e d  o r  
measured v o l u m e t r i c a l l y ,  d e n i t r i f i c a t i o n  o r  n i t r a t e  r educ t i on  
were on ly  i n f e r r e d  from o t h e r  measurements and o b s e r v a t i o n s ,  
A g e n e r a l  summary of recovery  o f  added n i t r a t e  i s  g iven  
i n  Table  3 .  The p e r c e n t  l o s s  of added n i t r a t e ,  o r  t h e  p e r c e n t  
mass of added n i t r a t e  no t  recovered ,  was c a l c u l a t e d  based on t h e  
t o t a l  mass of c h l o r i d e  recovered s i n c e  c h l o r i d e  was used a s  a  
r e f e r e n c e  i o n  i n  t h i s  s tudy .  N i t r a t e  and c h l o r i d e  concentra-  
t i o n s  determined f o r  each volume increment  of e f f l u e n t  w e r e  mul- 
t i p l i e d  t i m e s  t h e i r  r e s p e c t i v e  volume increments  t o  f i n d  i n c r e -  
ment masses,  These mass increments  w e r e  t hen  t o t a l e d  f o r  each 
t e s t  t o  de te rmine  t h e  t o t a l  c h l o r i d e  and n i t r a t e  recovered ,  The 
t o t a l  mass of  n i t r a t e  recovered was c o r r e c t e d  f o r  ba se  n i t r a t e  
c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  o f  each column observed between 
t es t  i n t e r v a l s .  These ba se  n i t r a t e  c o n c e n t r a t i o n s  ranged from 
3 t o  8 mi l l i g r ams  p e r  l i t e r ,  
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Chamber Temperature 2 4 ' ~  ( 7 5 ' ~  )
T o t a l  NO; T o t a l  ~ 1 -  
Carbon recovered  recovered  
t r e a t m e n t  ( m s )  (mg 1 
check 1530 2000 
check 1953 2388 
sawdust  2080 2 28 5 
sawdust 2215 2321 
methanol  319 2281 
methanol  25 3 k261 
Chamber Temperature 1 8 ' ~  ( 6 5 ' ~ )  
T o t a l  NO; T o t a l  ~ 1 -  
Carbon recovered  recovered  
t r e a t m e n t  (mq) ( m q )  
check 2246 2456 
check 2761 25 35 
sawdust 2635 2365 
sawdust 2291 2343 
methanol  717 2353 
methanol  421 2268 
Chamber Temperature 1 3 ' ~  ( 5 6 ' ~  ) 
T o t a l  NO- T o t a l  C1- 
Carbon recovered  recovered  
t r e a t m e n t  (mq 1 (mg 1 
check 2360 2392 
, 
check 3667 2561 
sawdust 3441 2470 
sawdust 2783 248 7 
methanol 1340 247 3 
methanol 540 2468 
Loss  of  




Loss o f  , 
added 80; 
( % I  
Loss of 
added NO; 
( % I  
S i n c e  i n  eachA t e s t ,  2,500 mi l l i g r ams  of n i t r a t e  and 2,500 
mi l l i g r ams  of c h l o r i d e  w e r e  a p p l i e d  t o  each column, and s i n c e  m i -  
c r o b i a l  a c t i o n  does  n o t  a f f e c t  t h e  c h l o r i d e  i o n ,  t h e  same mass of 
c h l o r i d e  i n i t i a l l y  a p p l i e d  would b e  expec ted  t o  b e  recovered  i n  
t h e  e f f l u e n t ,  A s  shown i n  Tab le  3 ,  l e s s  t h a n  2,500 mi l l i g r ams  of  
c h l o r f d e  was g e n e r a l l y  recovered  i n  e ach  column. Th is  was p rob-  
a b l y  due t o  e i t h e r  e r r o r  i n  a n a l y s i s  o r  i s o l a t i o n  of c h l o r i d e  i n  
p o r e  volumes n o t  d i s p l a c e d  by wa t e r  f lowing  t h rough  t h e  column. 
Losses  of n i t r a t e  were based  on t h e  amount of  n i t r a t e  mass re- 
covered r e l a t i v e  t o  t h e  t o t a l  c h l o r i d e  mass recovered  acco rd ing  
t o  t h e  fo l l owing  r e l a t i o n s h i p :  
% NO; l o s t  = 
t o t a l  ~ 1 -  mass recovered  - a d j u s t e d  NO- mass recovered  3 
t o t a l  C1- mass recovered  
Tab le  3  i n d i c a t e s  t h a t  less n i t r a t e  was recovered  from 
each  column a s  t h e  t empe ra tu r e  i n c r e a s e d ,  T h i s  g e n e r a l  observa-  
t i o n  i s  c o n s i s t e n t  w i t h  r e s u l t s  of o t h e r  s t u d i e s  no t ed  i n  t h e  
l i t e r a t u r e  review,  F i g u r e  8 shows n i t r a t e  1 o s s . e ~  p l o t t e d  v e r s u s  
t empera tu re .  The r a t e  of decrease of n i t r a t e  l o s s  w i th  tempera- 
. t u r e  was n o t  c o n s i s t e n t  e i t h e r  between o r  among carbon t r e a t m e n t s .  
Tubes 3 and 4 ,  which were t r e a t e d  w i t h  1 ,000  ppm meth- 
a n o l ,  showed much g r e a t e r  l o s s e s  of n i t r a t e s  t h a n  t h e  o t h e r  
carbon t r e a t m e n t s .  Based on t h e  n i t r a t e  mass r e cove red  r e l a t i v e  
t o  t h e  c h l o r i d e  mass recovered ,  t h e  range of n i t r a t e  mass l o s t  
v a r i e d  from almost  90% a t  t h e  24Oc t e s t  t o  46% i n  t h e  1 3 ' ~  tes t .  
Tubes 2  and 6 con t a ined  added carbon i n  t h e  form of saw- 
d u s t  mixed 7% by weight  w i t h  t h e  sand i n  t h e s e  columns, These 
30 3UnlWU3dW31 
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columns e x h i b i t e d  l i t t l e  n i t r a t e  l o s s ,  even a t  t h e  2 4 O ~  tes t .  
However, a t  1 3 ' ~  and 1 8 O c ,  a c t u a l  i n c r e a s e s  of n i t r a t e  mass 
were recove led .  
The two remaining columns, Tubes 1 and 5 ,  s e r v e d  a s  
t r e a t m e n t  checks  w i t h  no carbon added t o  t h e  sand.  N i t r a t e  
l o s s e s  were h i g h e r  i n  t h e  check columns t han  i n  t h e  columns 
t r e a t e d  w i th  sawdust  a t  t h e  2 4 ' ~  t es t ,  P e r c e n t  of  n i t r a t e  l o s s  
reached 28.5% and 18.2% a t  t h e  2 4 ' ~  t e s t  b u t  was n o t  s i g n i f i c a n t  
i n  Tube 1 and was a c t u a l l y  n e g a t i v e  i n  Tube 5  a t  t h e  lower 
t empe ra tu r e s ,  The washed wh i t e  s i l i c a  sand i n  Tube 1 may have 
r e s u l t e d  i n  t h e  d i f f e r e n c e  i n  t empe ra tu r e  e f f e c t .  Although 
Tube l ' showed  some l o s s  o f  n i t r a t e  i n  each  t e s t ,  Tube 5  was s i m i -  
l a r  t o  t h e  sawdust columns i n  t h a t  i t  e x h i b i t e d  g a i n s  of n i t r a t e  
f o r  t h e  1 3 ' ~  and 1 8 ' ~  tests. Th i s  phenomena w i l l  b e  d i s c u s s e d  
i n  d e t a i l  i n  a  l a t e r  s e c t i o n  (p .  7 7 ) .  
The p receed ing  d i s c u s s i o n  based  on t o t a l  ou t f l ow  shows 
t h e  r e l a t i v e  impor tance  of a  r e a d i l y  a v a i l a b l e  carbon s o u r c e ,  
such  a s  methanol ,  t o  ma in t a in  h igh  l o s s e s  of n i t r a t e  a s  t h e  
t empera tu re  is  lowered,  However, t o  g a i n  a  c l o s e r  s t u d y  of i n -  
d i v i d u a l  column b e h a v i o r ,  'nbreakthrough curves"  of  n i t r a t e  and 
c h l o r i d e  w e r e  p l o t % e d  f o r  each  column a t  each t empe ra tu r e  tes ted,  
A pxesen ta t i .on  of t h e s e  cu rve s  and t h e i r  c h a r a c t e r i s t i c s  a r e  
made i n  s e c t i o n  C. 
B. Flow Condi t ions  
Genera l  f low d a t a  i s  shown i n  Tab le  4. The head ings  of 
each  v e r t i c a l  column a r e  d e f i n e d  and d i s c u s s e d  i n  t h e  fo l l owing  
paragraphs .  
TABLE 4 
SUMMARY OF HEAD LOSS GRADIENT, EFFECTIVE 
PORE SPACE AND FLOW VELOCITY 
0 Chamber Temperature 24 C 
E f f e c t i v e  Time Head 
T o t a l  Flow t o  p o r e  t o  Pore  l o s s  
Carbon f low peak space  peak ve l .  g r a d i e n t  
Tube t r e a t m e n t  ( l i ters)  ( l i t e r s )  
-- 
( % )  ( d a y s )  (cm/day) x lo3  
a check 21.5 13.4 44,3 24 12.3 6.1 
5 cheek 16.5 11.0 36.4 17 17.4 6.1 
3 
- sawdust 13 ,5  9.9 32.7 16  18.4 40.7 
6 sawdust 12.5 9.5 31.4 18 16.4 50.8 
3 methanol 9 a 9 6.0 19,8  17  17.4 20.3 
4 methanol 10.6 7.9 26.1 14  2 1 , l  16.9 
Chamber Temperature 1 8 ' ~  
E f f e c t i v e  Time Head 
T o t a l  Flow t o  p o r e  t o  Pore  l o s s  
Carbon f low peak space  peak v e l .  g r a d i e n t  
Tube t r ea tmen t  ( l i ters)  ( l i ters)  
-- 
( % I  (days  ) ( cm/dr)y) xloa 
1 check 16.7 9.8 32.4 17  17.4 7.4 
5 check 15.9 10.3 34.1 20 14.7 7.4 
2 sawdust 13.0 9.9 32.7 20 14.7 35.6 
6 sawdust 13.0 1 0 - 1  33.4 21 14.0 40-0  
3 methanol 10.7 7.0 23.2 19  15.5 27 , l  
4 methanol 10.9 6.6 21.8 17  17.4 23.0 
chamber Temperature 1 3 ' ~  
E f f e c t i v e  Time Head 
T o t a l  Flow t o  p o r e  t o  Pore  l o s s  
Carboh f low peak space  peak v e l .  g r a d i e n t  
Tube t r e a t m e n t  ( l i t e r s )  ( l i ters)  
P 
($1  ( d a y s )  (cm/day) x loS  
1 check 14.9 9.7 32.1 1 9  15.5 8.1 
5 check 15.1  9.7 32.1 20 14.7 6 - 1  
2 sawdust 13.1 9.7 32.1 21 14.. 0 39.3 . . :  
6 sawdust 13.5 10.2 33.7 23 12.8 49.2 
3 methanol 11.0 7.3 24.1 18 16.4 25 - 4  
4 methanol 10.4 6.6 21.8 20 14 -7  25 - 4  
T o t a l  f low was t h e  f low th rough  each t u b e  from t h e  d a t e  
B 
of n i t r a t e l c h l o r i d e  a p p l i c a t i o n  u n t i l  t h e  d a t e  t h a t  t h e  o r i g i n a l  
c h l o r i d e  mass had been determined t o  be  recovered  in t h e  t u b e  
e f f l u e n t .  A d e f i n i t e  t r e n d  f o r  t o t a l  f low between carbon t r e a t -  
ments i.s found i n  Tab le  4,  Less  t o t a l  f low was r e q u i r e d  f o r  t h e  
methanol t r e a t e d  columns t h a n  t h e  o t h e r  t r e a t m e n t s  and less 
t o t a l  f low was r e q u i r e d  i n  t h e  sawdust t r e a t e d  columns t han  t h e  
check coll~mns.  Th i s  t r e n d  i s  d i r e c t l y  r e l a t e d  t o  t h e  amount of 
g a s  c o l l e c t e d  i n  each column, 
Flow t o  peak i s  t h e  f low r e q u i r e d  from t h e  d a t e  of 
n i t r a t e / c h l o r i d e  a p p l i c a t i o n  u n t i l  t h e  d a t e  t h e  peak c h l o r i d e  
c o n c e n t r a t i o n  was d e t e c t e d  i n  t h e  e f f l u e n t .  Although l i t t l e  d i f -  
f e r e n c e  i n  f low t o  peak is  i n d i c a t e d  i n  Tab le  4 between t h e  check 
and sawdust t r e a t e d  columns, less f low t o  peak w a s  r e q u i r e d  i n  
t h e  methanol t r e a t m e n t  columns, Time t o  peak i s  t h e  days  re- 
q u i r e d  from d a t e  of  a p p l i c a t i o n  u n t i l  t h e  d a t e  of peak c h l o r i d e  
c o n c e n t r a t i o n  d e t e c t i o n ,  V a r i a t i o n s  i n  t i m e  t o  peak a r e  random- 
l y  d i s t r i b u t e d  between t r e a t m e n t s  and r e p l i c a t i o n s .  
E f f e c t i v e  po re  space  i s  t h e  f low t o  peak d i v i d e d  by t h e  
t o t a l  eclumn volume a long t h e  295 c e n t i m e t e r  f low l e n g t h ,  con- 
s e q u e n t l y  t r e n d s  f o r  e f f e c t i v e  po re  space  a r e  i d e n t i c a l  t o  t h o s e  
of  f low t o  peak,  
Pore  v e l o c i t y  i s  t h e  f low t o  peak d i v i d e d  by t h e  quan- 
t i t y ,  column c ros s - s ec t i on  t i m e s  day t o  peak.  No t r e n d s  are in -  
d i c a t e d  i n  Table  4 f o r  p o r e  v e l o c i t y ,  
Head l o s s  g r a d i e n t  i s  t h e  head l o s s  f o r  e ach  column 
l e n g t h  d i v i d e d  b y . t h e  t o t a l  column l e n g t h  of 295 c m .  To ma in t a in  
t h e  v a r i e d  number of f low p a t h s  a v a i l a b l e  through t h e  s o i l  pores .  
This  d i f f u s i o n a l  e f f e c t  i n  s o i l s  h a s  been exper imenta l ly  demon- 
s t r a t e d  by Nielsen and Bigger (17) and a  t y p i c a l  i l l u s t r a t i o n  
of t h e i r  r e s u l t s  i s  shown i n  F igu re  9 through t h e  u s e  of a  
"breakthrough curve,"  This  curve was ob ta ined  by p l o t t i n g  t h e  
t r a c e r  i o n  concen t r a t i on  of smal l  volume increments  of  e f f l u e n t  
ve r sus  volume of e f f l u e n t  c o l l e c t e d  from a  s o i l  column, The 
breakthrough curve i s  extended a t  e i t h e r  end due t o  d i s p e r s i o n  
and d i f f u s i o n ,  r a t h e r  than  t h e  p i s t o n  t y p e  displacement  repre-  
s en t ed  by t h e  d o t t e d  v e r t i c a l  l i n e s  i n  which no spread ing  of t h e  
t r a c e r  f r o n t  occurs ,  The h e i g h t  of t h e  t r a c e r  i o n  peak wi th  re-  
s p e c t  t o  t h e  o r i g i n a l  concen t r a t i on  v a r i e s  wi th  f low r a t e ,  
l e n g t h  of column, and s o i l  type.  
Convection, o r  t h e  mass f low of t h e  s o i l  s o l u t i o n ,  de- 
t e rmines  t h e  l o c a t i o n  of t h e  bulk  of t h e  breakthrough curve. 
The spread ing  of t h e  t r a c e r  f r o n t  a t  e i t h e r  end i s  due t o  d i f -  
fu s ion  r e s u l t i n g  from concen t r a t i on  g r a d i e n t s  w i t h i n  t h e  s o l u t i o n  
and a l s o  d i s p e r s i o n  due t o  pore  v e l o c i t y  d i s t r i b u t i o n s ,  The n e t  
e f f e c t  of v e l o c i t y  t e n d s  t o  i n c r e a s e  t h e  d i f f u s i o n  p roces s  on 
t h e  d e s i r e d  flow rate,  h i g h e s t  head l o s s  g r a d i e n t s  were needed 
f o r  t h e  sawdust t r ea tmen t  columns, whi le  t h e  check columns re-  
q u i r e d  t h e  lowest  head l o s s  g r a d i e n t s .  
C, Breakthrough Curves 
1. T h e o r e t i c a l  Breakthrough Curves 
S t u d i e s  of  m i s c i b l e  displacement us ing  c h l o r i d e  a s  a 
t r a c e r  have shown t h a t  f low v e l o c i t y  d i s t r i b u t i o n s  through pos- 
ous media, such a s  s o i l s ,  d i s p e r s e  i o n i c  c o n c e n t r a t i o n s  due t o  
t h e  downstream s i d e  of  t h e  peak and d e c r e a s e  i t  on t h e  upstream 
s i d e ,  t h u s  s h i f t i n g  t h e  peak of t h e  curve  t o  t h e  l e f t  i n  F igu re  9 
( 1 0 ) .  
FIGURE 9 
TYPICAL BREAKTHROUGH CURVE OF CHLORIDE I O N  I N  A SOIL COLUMN 
No Spread of 
Tracer Front 
Volume of Effluent Collected 
A s  s t a t e d  e a r l i e r  i n  t h e  exper imenta l  p rocedure ,  a  f i x e d  
volume of s o l u t i o n  c o n t a i n i n g  equa l  n i t r a t e  and c h l o r i d e  i o n  con- 
c e n t r a t i o n s  was a p p l i e d  a t  t h e  same p o i n t  i n  each column a s  shown 
i n  F igu re  4. Measurements of e f f l u e n t  volume, n i t r a t e  concentra-  
t i o n ,  and c h l o r i d e  c o n c e n t r a t i o n  were made a t  twe lve  hour i n c r e -  
ments  t o  c o n s t r u c t  t h e  breakthrough curves .  Approximately one 
month was r e q u i r e d  f o r  t e s t  complet ion a t  each t empera tu re .  
I n  t h i s  s t udy  it was assumed t h a t  c h l o r i d e  and n i t r a t e  
behave i n  an i d e n t i c a l  manner when d i s p l a c e d  th rough  s o i l .  
The re fo r e ,  a t  p o i n t s  a long  r e s p e c t i v e  breakthrough c u r v e s ,  
d e n i t r i f i c a t i o n ,  immobi l iza t ion  o r  m i n e r a l i z a t i o n  may have 
caused t h e  n i t r a t e  curve  t o  f a l l  below o r  above t h e  c h l o r i d e  
curve  w i t h i n  t h e  l i m i t s  of exper imenta l  e r r o r  a t  a  p a r t i c u l a r  
f low increment.  
2. Tube 1 - No A d d e d  Carbon Source 
The breakthrough curves  of t h i s  column are shown i n  Fig- 
u r e s  10 ,  11, and 1 2  i n  t h e  o r d e r  of dec reas ing  temperature.  The 
whi te  s i l i c a  sand used i n  t h i s  column c o n s i s t e d  of f i n e r  p a r t i -  
cle s i z e s  than  t h e  brown sand used i n  t h e  a t h e r  columns (see 
Table 1 1 ,  The r e l a t i v e l y  smal l  po re s  i n  t h i s  column were respon- 
s ible f o r  t h e  e x t e n s i v e  d i s p e r s i o n  of t h e  n i t r a t e / c h l o r i d e  app l i -  
c a t i o n ,  t h u s  caus ing  g r e a t e r  spread ing  on t h e  curves  and r e l a -  
t i v e l y  low n i t r a t e  and c h l o r i d e  peaks a s  compared t o  t h e  o ther ,  
columns. The smal l  p o r e  s i z e s  g r e a t l y  i nc reased  t h e  t o r t u o s i t y  
of t h e  a v a i l a b l e  f low p a t h s  (171, r e q u i r i n g  a  l a r g e  flow volume 
t o  l e a c h  t h e  n i t r a t e  and c h l o r i d e  a p p l i c a t i o n  through t h e  column. 
The g r e a t e r  f low requ i r ed  f o r  Tube 1 can be seen i n  Table  4. 
The e x t e n s i v e  d i s p e r s i o n  caused slow recovery  r a t e s  of 
n i t r a t e  and c h l o r i d e  r e s u l t i n g  i n  r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  
of bo th  i o n s  a t  t h e  t a i l s  of t h e  breakthrough curves  of t h i s  
column and a l s o  a  l a c k  of s u f f i c i e n t  t ime i n  t h i s  s tudy  t o  com- 
p l e t e l y  l e a c h  each a p p l i c a t i o n  through t h e  column. To i n s u r e  
recovery of s u f f i c i e n t  c h l o r i d e  mass cowparable t o  t h a t  a p p l i e d ,  
t h e  c h l o r i d e  peak f o r  each t e s t  was bracke ted  by s u f f i c i e n t  f low 
s o  t h a t  t h e  concen t r a t i on  of c h l o r i d e  i n  t h e  t a i l s  of t h e  curves  I 
w a s  approximately t h e  same. This  amount depended on t h e  i n i t i a l  
c h l o r i d e  concen t rg t ion  a t  t h e  s t a r t  of t h e  breakthrough curve.  
N i t r a t e  l o s s e s  were based on t h e  t o t a l  masses recovered wi th in  
t h i s  flow volume. I I 
J 
I n  t h i s  column and a l l  o t h e r  columns except  t h o s e  t r e a t e d  
wi th  methanol, n i t r a t e  l o s s e s  occurred p r i m a r i l y  i n  t h e  f low 
NO; , CI- mg / liter 

NO;, CI- mg /liter 
increments  l o c a t e d  a t  t h e  t a i l s  of t h e  breakthrough curves .  A s  I 
i o n i c  concen t r a t i ons  i nc reased  i n  a l l  t u b e s  except  t h e  methanol 
1 
columns, n i t r a t e  q u i c k l y  r o s e  above c h l o r i d e  concen t r a t i on  f o r  I 
i n d i v i d u a l  f low increments ,  The n i t r a t e  peak exceeded t h e  1 
c h l o r i d e  peak i n  a l l  of t h e s e  columns except  i n  t h e  c a s e  of Tube i 
1 a t  t h e  2 4 ' ~  t e s t .  The tendency of t h e  n i t r a t e  peak t o  exceed ! I 
t h e  c h l o r i d e  peak w a s  g r e a t e r  a t  t h e  1 3 ' ~  tes t  t h a n  t h e  1 8 ' ~  
t e s t  of  Tube 1, a l though  i n  n e i t h e r  c a s e  was t h e  t o t a l  mass of 
n i t r a t e  yecovered g r e a t e r  than  t h e  t o t a l  mass of c h l o r i d e  re-  
covered. 
Many i r r e g u l a r i t i e s  a r e  apparen t  i n  t h e  breakthrough I 
curves  of Tube 1 a s  shown i n  F igu res  10 through 12. Genera l ly ,  
peaks and v a l l e y s  s imul taneously  occurred between t h e  n i t r a t e  
and c h l o r i d e  curves ,  This  behavior  may be  caused by bu i ldup  and 
I 
r e l e a s e  of g a s e s  w i th in  pore  spaces  i n  t h e  column, t h u s  de l ay ing  I 
p o r t i o n s  of t h e  n i t r a t . e / eh lo r ide  a p p l i c a t i o n  and caus ing  smal l  
peaks and v a l l e y s  on t h e  breakthrough curves .  Occurrences of 
I 
t h e s e  i r r e g u l a r i t i e s  were a l s o  e v i d e n t  i n  t h e  breakthrough 
curves  of  o t h e r  columns, b u t  t o  a l e s s e r  degree .  
1 
Tube 1 conta ined  no added carbon b u t  showed t h e  g r e a t -  / 
est l o s s e s  of added n i t r a t e  of any of t h e  columns except  t h o s e  I 
t 
t r e a t e d  w i t h  methanol. Formation of  anae rob ic  microzones favor-  
a b l e  f o r  h igh  d e n i t r i f i c a t i o n  r a t e s  may have occurred i n  t h e  i 
r e l a t i v e l y  s m a l l e r  pore  spaces  of Tube 1. S i m i l a r  r e s u l t s  w i th  
s o i l s  of smal l  p a r t i c l e  s i z e  were p rev ious ly  no ted  by Nommik 
3 .  Tube 5 - Mo Added Carbon Source 
Tube 5 was a r e p l i c a t i o n  of Tube 1 b u t  con t a ined  t h e  same 
brown sand used i n  a l l  columns excep t  f o r  t h e  wh i t e  sand used i n  
Tube l., More uniform break through  cu.rves were e x h i b i t e d  i n  t h i s  
check column, shown i n  F igu re s  1 3 ,  1 4 ,  and 1 5 ,  t h a n  t h o s e  of 
Tube 1. Thi s  e f f e c t  may have been a s s o c i a t e d  w i t h  t h e   large^ 
poses  of  t h e  brown sand.  
The t o t a l  c h l o r i d e  mass recovered  was w i t h i n  5% of t h e  
2,500 mg of c h l o r i d e  a p p l i e d  f o r  each t empera tu re  t e s t e d .  M i -  
t r a t e  mass recovered i n c r e a s e d  a s  t h e  t empera tu re  dec rea sed ,  and 
a c t u a l l y  exceeded t o t a l  c h l o r i d e  mass recovered  f o r  t h e  1 8 ' ~  and 
13OC tests. The n i t r a t e  peak exceeded t h e  c h l o r i d e  peak i n  a l l  
tests f o r  t h i s  column; t h e  d i f f e r e n c e  between t h e  two peaks i n -  
c r e a s i n g  a s  t h e  t empera tu re  decreased .  E i t h e r  exper imenta l  er- 
r o r  o r  r e l e a s e  o f  n i t r o g e n  a s  n i t r a t e  from t h e  column must b e  
r e s p o n s i b l e  f o r  %he recovery  of  more n i t r a t e  mass t han  was ap- 
p l i e d  f o r  a p a r t i c u l a r  t e s t ,  A more complete d i s c u s s i o n  of t h i s  
phenomenon i s  inc luded  i n  Sec t i on  5 of P a r t  6 on page 77. 
Tube 5 showed a l o s s  of  added n i t r a t e  of 18.5% f o r  t h e  
24OC t e s t ,  which was t h e  on ly  p o s i t i v e  l o s s  found f o r  t h i s  co l -  
umn, F igu re  1 3  shows t h a t  n . i t r a t e  l o s s e s  occu r r i ng  i n  t h e  e f -  
f l u e n t  volume increments  Located a t  t h e  t a i l s  of t h e  break- 
through cu rves  exceeded n i t r a t e  g a i n s  found a t  t h e  n i t r a t e /  
c h l o r i d e  peak f o r  t h e  2 4 ' ~  tes t .  A t  t h e  lower  t empe ra tu r e s ,  
n i t r a t e  g a i n s  a t  t h e  peaks  shown i n  F i g u r e s  14  and 15  g r e a t l y  
exceeded n i t r a t e  l o s s e s  a t  t h e  t a i l s  of t h e  b reak through  c u r v e s ,  
t h u s  caus ing  n i t r a t e  masses t o  exceed t h e  o r i g i n a l  n i t r a t e  mass 
i n t roduced  t o  t h e  column. 
NO; . CI' mg / liter 
TOTAL FLOW IN LITERS 
F I G U R E  14. BREAKTHROUGH CURVES FOR TUBE 5 ,  CHECK, AT 1 8 O ~  WITH AN AVERAGE FLOW O F  
540 ml/DAY AND 8.9 PERCENT L O S S  OF ADDED N I T R A T E  
NO; , CI- mg / liter 
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Although t h e  c h l o r i d e  cu rve  showed a c o n s t a n t  r i se  and 
d e c l i n e  i n  c o n c e n t r a t i o n  a s  t h e  e f f l u e n t  volume was recovered ,  
i s r e g u l a r i t - i e s  were p r e s e n i  i n  t h e  n i t r a t e  b reak th rough  cu rve  
a t  t h e  2 4 ' ~  and 1 8 ' ~  t e s t s .  The s h a r p  i n c r e a s e  i n  n i t r a t e  shown 
I 
a t  t h e  t a i l  of t h e  cu rve  i n  F i g u r e  1 3  was accompanied by a cor-  
responding i n c r e a s e  i n  c h l o r i d e .  Th i s  b e h a v i o r  was a l s o  no ted  
f o r  Tube 1, However, a s  shown i n  F i g u r e s  1 3  and 1 4 ,  t h e  n i t r a t e  
b reak th rough  c u r v e  s e p a r a t e s  i n t o  two peaks  a t  b o t h  t h e  24Oc 
t e s t  and 1 8 O c  tes t .  These peak s e p a r a t i o n s  were n o t  accompanied 
by c h l o r i d e  peak i r r e g u l a r i t i e s .  The cause  o f  t h i s  behav ior  i s  
unknown. 
4, Tubes 2 and 6 - Sawdust A d d e d  
Sawdust was added 7% by d r y  weight  t o  e ach  column. These 
columns e x h i b i t e d  t h e  l owes t  added n i t r a t e  l o s s e s  o f  t h e  two 
carbon t r e a tmen t s .  A t  t h e  2 4 ' ~  test ,  n i t r a t e  l o s s e s  were 9.0% 
f o r  Tube 2 and on ly  4.5% f o r  Tube 6 based  on t h e  t o t a l  c h l o r i d e  
mass recovered ,  Tube 6 showed 2.2% l o s s  of  added n i t r a t e  a t  
1 8 O c ,  and a g a i n  a t  1 3 ' ~  wh i l e  Tube 2 showed a g a i n  f o r  b o t h  
lower  t empera tu res .  T o t a l  c h l o r i d e  masses recovered  i n  t h e s e  
columns ranged from 2321 mi l l i g r ams  t o  2487 mi l l i g r ams  a s  shown 
i n  Tab le  3 ,  compared t o  t h e  2500 mi l l i g r am c h l o r i d e  mass i n t r o -  
duced f o r  each  tes t .  
The b reak th rough  cu rves  of  Tube 2 a r e  shown i n  F i g u r e s  
1 6 ,  1 7 ,  and 18 and t h o s e  of Tube 6 i n  F i g u r e s  1 9 ,  20 and 21. 
The c h l o r i d e  peak fox each  b reak th rough  cu rve  of  Tube 2 was ap- 
p rox imate ly  1200 ppm i n  each  test .  However, t h e  n i t r a t e  peak 
c o n s t a n t l y  i n c r e a s e d  from 1250 ppm a t  2 4 ' ~  t o  2200 pprn a t  13Oc. 
NO;, C1- mg / liter 

TOTAL FLOW IN LITERS 
FIGURE 18. BREAKTHROUGH CURVES FOR TUBE 2 ,  SAWDUST, AT 1 3 O ~  WITH AN AVERAGE 
FLOW OF 480  DA DAY AND A 39.3 PERCENT GAIN OF ADDED NITRATE 
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F I G U R E  19 .  BREAKTHROUGH CURVES FOR TUBE 6 ,  SAWDUST, AT 2 4 ' ~  WITH AN AVERAGE FLOW O F  
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The only major i r r e g u l a r i t y  of t h e s e  curves  w a s  t h e  very h igh  
n i t r a t e  peak a t  13Oc, which w a s  n o t  accompanied by a correspond- 
i n g  c h l o r i d e  peak. I n  Tube 6 ,  t h e  peaK c h l o r i d e  concen t r a t i on  
w a s  approximately 1450 ppm i q  each  t e s t  b u t  peak n i t r a t e  concen- 
t r a t i o n  d i d  n o t  appear  temperature  related, I n  each tes t ,  t h e  
n i t r a t e  peak d i d  exceed t h e  peak c h l o r i d e  concen t r a t i on ,  t h e  
h i g h e s t  c h l o r i d e  peak reach ing  2000 pprn a t  13Oc. No i r r e g u l a r i -  
t i e s  occurred i n ' t h e  breakthrough curves  of 'Tube 6, 
A s  i n  Tube 5 ,  t h e  check r e p l i c a t e ,  t h e  sawdust t r ea tmen t s  
showed n i t r a t e  g a i n s  i n  f low increments  a t  t h e  s imul taneous 
n i t r a t e / c h l o r i d e  peaks compared t o  r e l a t i v e l y  small n i t r a t e  
l o s s e s  occu r r ing  a t  t h e  t a i l s  of t h e  breakthrough curves .  A s  in -  
d i c a t e d  i n  Table 3 ,  t o t a l  masses of n i t r a t e  recovered f o r  Tube 2  
were 2635 and 3441 mi l l ig rams  a t  1 8 ' ~  and 1 3 ' ~ ~  r e s p e c t i v e l y ,  
and 2783 mi l l ig rams  f o r  Tube 6  a t  13 '~ .  I n  each of t h e s e  ca ses  
t o t a l  c h l o r i d e  mass recovered w a s  s l i g h t l y  l e s s  t han  2500 m i l l i -  
grams, 
5,  Tubes 3  and 4  - Methanol Added 
I n  c o n t r a s t  t o  t h e  o t h e r  carbon t r e a t m e n t s ,  t h e  columns 
t r e a t e d  wi th  1000 ppm methanol showed low recovery  of n i t r a t e s  
a t  a l l  t h r e e  tempera tures  t e s t e d ,  The breakthrough curves  of 
Tube 3  a r e  shown i n  F igures  22, 23, and 24, and t h o s e  of Tube 4 
i n  F igures  25, 26, and 27. 
The n i t r a t e  curve  was lower than t h e  c h l o r i d e  curve 
throughout each t e s t  i n b o t h r e p l i c a t i o n s ,  t h u s  l o s s e s  of added 
n i t r a t e  occurred a t  each f low increment over  t h e  e n t i r e  curve. 
Also,  t h e  g r e a t e s t  n i t r a t e  l o s s e s  i n  i n d i v i d u a l  increments  of 
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TOTAL FLOW IN LITERS 
FIGURE 2 5 .  BREAKTHROUGH CURVES FOR TUBE 4 ,  METHANOL, AT 2 4 O ~  WITH AN AVERAGE FLOW OF 
445 ml/DAY AND AN 8 9  PERCENT LOSS OF ADDED NITRATE 
TOTAL FLOW IN LITERS 
F I G U R E  26.  BREAKTHROUGH CURVES FOR TUBE 4 ,  METHANOL, AT 1 8 O ~  WITH AN AVERAGE FLOW OF 
400 ml/DAY AND AN 81 PERCENT L O S S  OF ADDED N I T R A T E  
TOTAL FLOW IN  LITERS 
FIGURE 27. BREAKTHROUGH CURVES FOR TUBE 4 ,  METHANOL, AT 1 3 ° ~ ' W I T H  AN AVERAGE FLOW OF 
3 9 0  ml/DAY AND A 78 PERCENT LOSS OF ADDED NITRATE 
f low occu r r ed  a t  o r  n e a r  t h e  peaks  of n i t r a t e  and c h l o r i d e  con- 
c e n t r a t i o n  r a t h e r  than  a t  t h e  t a i l s  of  t h e  b reak through  cu rves  
a s  no t ed  i n  t h e  o t h e r  columns, During 12  hour f low p e r i o d s ,  
n i t r a t e  l o s s e s  of approximate ly  1000 ppm w e r e  found a t  t h e  
n i t r a t e / c h l o r i d e  peak of b o t h  Tubes 3 and 4  d u r i n g  t h e  2 4 ' ~  test .  
I n  Tube 4 ,  t h e  n i t r a t e  peak a n d g e n e r a l  breakthrough 
curve  corresponded w e l l  w i th  t h e  c h l o r i d e  peak and curve  charae-  
terist ics.  The i r r e g u l a r i t i e s  of  t h e  c u r v e s  a t  2 4 ' ~  and 1 8 ' ~  
may have been due t o  g a s  b lockage of t h e  sand p o r e s ,  s i n c e  t h e  
g a s  c o l l e c t i o n  d e v i c e  f o r  t h i s  column i n d i c a t e d  s i g n i f i c a n t  g a s  
q u a n t i t i e s  w e r e  be ing  produced, 
The b reak through  cu rves  of  Tube 3  w e r e  r e l a t i v e l y  smooth, 
The n i t r a t e  peak,  however, d i d  n o t  occur  a t  t h e  same flow i n c r e -  
ment i n  which t h e  c h l o r i d e  peak occurred.  A t  t h e  2 4 ' ~  t e s t ,  t h e  
n i t r a t e  peak was s l i g h t l y  behind t h e  c h l o r i d e  peak and a t  b o t h  
c o l d e r  t empera tu res  t h e  n i t r a t e  peak was s l i g h t l y  i n  f r o n t  of 
t h e  c h l o r i d e  peak, Again, g a s  p roduc t ion  by d e n i t r i f y i n g  bac- 
t e r i a  may have a l t e r e d  t h e  p a t t e r n  of  t h e  b reak through  cu rves  
f o r  t h i s  column, F u r t h e r  evidence of g a s  b lockage w a s  t h e  s t e e p  
h y d r a u l i c  g r a d i e n t  and t h e  lower t o t a l  f low r e q u i r e d  t o  move t h e  
n i t r a t e / c h l o r i d e  a p p l i c a t i o n  th rough  bo th  methanol columns as 
shown i n  Tab le  3. 
A s  shown i n  F i g u r e  5 ,  Tube 3  e x h i b i t e d  a  g r e a t e r  tempera- 
t u r e  e f f e c t  on n i t r a t e  l o s s e s  t h a n  Tube 4, However, r e s u l t s  of 
t h e  t o t a l  o r g a n i c  carbon a n a l y s i s  and t r e n d s  i n  redox poten- 
t i a l s  r ecorded  did  n o t  show t h a t  t h e  d e n i t r i f i c a t i o n  environment 
was more f a v o r a b l e  i n  Tube 4. 
D. Redox P o t e n t i a l s  
Redox p o t e n t i a l s  were r e c o r d e d  d a i l y  f o r  e a c h  column a t  
a  p o i n t  15  c e n t i m e t e r s  from t h e  e f f l u e n t  end o f  t h e  columns. A 
summary o f  t h e s e  p o t e n t i a l s  i n c l u d i n g  c o r r e s p o n d i n g  i n c r e m e n t a l  
n i t r a t e  and c h l o r i d e  c o n c e n t r a t i o n  a r e  p r e s e n t e d  i n  Appendix A. 
T a b l e s  A-1 th rough  A-3 i n c l u d e  t h e  2 4 ' ~  t e s t ;  T a b l e s  A-4 t h r o u g h  
A-6 i n c l u d e  t h e  l e ° C  t e s t ;  and T a b l e s  A-7 th rough  A-9 i n c l u d e  t h e  
redox  p o t e n t i a l  r e a d i n g s  recorded  d u r i n g  t h e  1 3 ' ~  t e s t .  Carbon 
t r e a t m e n t  r e p l i c a t i o n s  a r e  p a i r e d  f o r  comparison i n  each  t a b l e .  
A l l  o f  t h e  redox  p o t e n t i a l s  r e c o r d e d  f o r  t h e  columns were 
w i t h i n  t h e  modera te ly  reduced t o  h i g h l y  reduced range  of  r edox  
p o t e n t i a l s  u s u a l l y  encoun te red  i n  water- logged s o i l s ,  a s  shown 
i n  F i g u r e  28. A s  r e f e r r e d  t o  p r e v i o u s l y  (231 ,  n i t r a t e  becomes 
u n s t a b l e  a t  a  r edox  p o t e n t i a l  of approx imate ly  +320 m i l l i v o l t s  
a t  a p H  of 7. 
FIGURE 28 
RANGE O F  REDOX POTENTIAL I N  WATERLOGGED SOILS 
( m i l l i v o l t s )  
Waterlogged S o i l  Aera ted  S o i l  
Highly  Reduced Moderately Reduced Oxidized 
The t r e a t m e n t  checks  were mutua l ly  d i f f e r e n t  i n  oxida-  
t i o n - r e d u c t i o n  c h a r a c t e r i s t i c s .  Redox p o t e n t i a l  i n  Tube 1. a t  
a l l  t h r e e  t e m p e r a t u r e s  ranged from -200 t o  -100 m i l l i v o l t s  and 
s l i g h t  i n c r e a s e s  i n  r edox  p o t e n t i a l  were e x h i b i t e d  a s  t h e  
n i t r a t e / c h l o r i d e  a p p l i c a t i o n  p a s s e d  o u t  o f  t h e  column f o r  t h e  
l e ° C  and 1 3 ' ~  tests. Redox p o t e n t i a l  i n  t h i s  check r e p l i c a t e  
remained f a i r l y  c o n s t a n t  a t  -200 t o  -190 m i l l i v o l t s  du r ing  t h e  
24OC t e s t .  Conversely,  t h e  o t h e r  check r e p l i c a t e ,  Tube 5 ,  showed 
a  s h a r p  i n c r e a s e  i n  redox p o t e n t i a l  from approximately  -500 t o  
-75 m i l l i v o l t s  a s  t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  passed through 
t h e  column a t  each tempera ture  t e s t e d .  The redox p o t e n t i a l  de- 
c r ea sed  t o  -500 m i l l i v o l t s  a s  each t e s t  neared  completion,  
The sawdust t r e a t e d  columns, Tubes 2  and 6 ,  a l s o  showed 
d i s s i m i l a r  behav ior  w i th  r e s p e c t  t o  redox  p o t e n t i a l ,  Tube 2 
showed an i n c r e a s e  i n  redox p o t e n t i a l  du r ing  each t e s t  from about  
180 t o  230 m i l l i v o l t s  a s  t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  moved 
through t h e  column, r e t u r n i n g  t o  180 m i l l i v o l t s  a f t e r  each t e s t .  
The second sawdust r e p l i c a t i o n ,  Tube 6 ,  a l s o  showed a s l i g h t  in -  
c r e a s e  of 40 t o  80 m i l l i v o l t s  and subsequent d e c r e a s e  i n  redox 
p o t e n t i a l ,  a l though  t h e  redox p o t e n t i a l  d i d  n o t  r e t u r n  t o  t h e  
same l e v e l  a f t e r  passage  of t h e  n i t r a t e / c h l o r i d e  f r o n t ,  Redox 
p o t e n t i a l  ranged from -90 t o  -10 m i l l i v o l t s  a t  2 4 ' ~ ~  +70 t o  +140 
m i l l i v o l t s  a t  1 8 ' ~ ~  and +140 t o  +180 m i l l i v o l t s  a t  13OC. 
The i n c r e a s e  i n  redox p o t e n t i a l  accompanying t h e  passage  
of t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  i n  t h e  sawdust t r e a t e d  co l -  
umns was accompanied by a  yel low t o  l i g h t  orange c o l o r  i n  t h e  
e f f l u e n t  water .  P a r t i c u l a t e s  of reduced o rgan ic  m a t t e r  were 
a l s o  e v i d e n t  i n  t h e  e f f l u e n t  a t  t h e s e  t imes ,  sugges t i ng  t h a t  i n -  
c r e a s e s  i n  redox  p o t e n t i a l  r e s u l t e d  i n  some mob i l i za t i on .  The 
c o l o r  of t h e  e f f l u e n t  wate r  was n o t  observed u n t i l  c o n t a c t  w i th  
t h e  atmosphere was made i n  t h e  e f f l u e n t  tubes .  
Tubes 3  and 4  were r e p l i c a t i o n s  of t h e  1000 ppm methanol 
t r ea tmen t .  Both columns were h i g h l y  reduced,  wi th  redox 
p o t e n t i a l ,  r e t u r n i n g  t o  approx imate ly  -520 m i l l i v o l t s  between 
tests. Tube 3 e x p e r i e n c e d  an  i n c r e a s e  o f  40 and 70 m i l l i v o l t s  
a t  2 4 ' ~  and 1 8 ' ~ ~  respect : : lvely,  b u t  a n  i n c r e a s e  of approx imate ly  
500 na:ill:f.volts a t  13OC. Redox pokent . ia1  i n  Tube 4 i n c r e a s e d  t o  
-40 m i l l i v o l t s  a t  2 4 ' ~ ,  -90 m i l l i v o l t s  a t  1 8 ' ~  and -140 m i 1 l i . -  
v o l t s  a t  1 3 ' ~  from a stable l e v e l  o f  -520 m i l l i v o l t s  e x h i b i t e d  
b e f o r e  each  t es t ,  The redox  p o t e n t i a l  r e t u r n e d  t o  approx imate ly  
-520 miLLivoLts a t  t h e  comple t ion  of  each  test. 
A 1 1  sand columns e x c e p t  Tube 1 e x h i b i t e d  some i n c r e a s e  
i n  r edox  p o t e n t i a l  a s  t h e  n i t r a t e / c h l o r i . d e  a p p l i c a t i o n  was re- 
covered  from t h e  column. S i n c e  n i t r a t e  a c t s  a s  a n  e l e c t r o n  ac- 
c e p t o r  i n  t h e  d e n i t r i f E c a t i o n  p r o c e s s ,  a d e f i c i e n c y  of e l e c t r o n s  
may occur  d u e  t o  m i c r o b i a l  a c t i o n  accompanying h i g h  n i t r a t e  con- 
cent  r a t i o n s .  
E ,  T o t a l  Organic  Carbon Ana.1ysi.s 
1. S t o i c h i o m e t r i c  Requirements  f o r  D e n i t r i f i c a t i o n  
A s  p r e v i o u s l y  d i s c u s s e d ,  d e n i t r i f i c a t i o n  i s  b a s i c a l l y  
c o n s i d e r e d  a two s t e p  p r o c e s s  accomplished by f a c u l t a t i v e  
anaerobes  i n  which n i t r a t e  i s  first reduced t o  n i t r i t e  and t h e n  
t o  n i t r o g e n  g a s ,  The p r o e e s s  i s  shown i n  t h e  f o l l o w i n g  chemical  
r e a c t i o n s ,  u s i n g  methanol  as a s o l u b l e  carbon s o u r c e ,  These 
r e a c t i o n s  a r e  r e v i s e d  s l i g h t 1 . y  from t h o s e  r e f e r r e d  t o  e a r l i e r  
by McCarty, e t  ax. 615).  
F i r s t  s t e p :  NO; + 1/3CH30H = NO; + 1/3C02 + 2/3H20 
Second s t e p :  NO; + %CH30H = %N2 + kCO + %H20 + OH- 2 
O v e r a l l  : NO; + 5/6CH30H = %N2 + 5/6C02 + 7/6H20 + OH- 
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A n  ave rage  of 410 ppm of t o t a l  o r g a n i c  carbon w a s  p r e s e n t  
i:n t h e  methanol t r e a t e d .  w a t e r  supp ly  r e s e r v o i r  o v e r  t h e  two t e s t  
p e r i o d s  analyzed,  C'snvestkn.g t h i s  f i g u r e  t o  methanol  r e s u l t e d  
i n  1090 ppm, compared. . to t h e  d e s i r e d  l e v e l  of 1000 ppm. The d i f -  
ference Is pr0babl .y due t o  wcpesimental e r r o r .  
More methanol shou.ld have been consumed i n  t h e  24°C' t ies t  
t han  th.e 1 3 ' ~  t e s t  a s  g r e a t e r  l o s s e s  of added n i t r a t e  occurred.  
The peak chl.~:sr:ide c o n c e n t r a t i o n  for t h e  24OC test  f o r  b o t h  co l -  
umns was LO90 ppm a s  ind.i,cated i n  Table  5. S ince  c h l o r i d e  s e rved  
a s  a b a s i s  f o r  de te rmin ing  added n i t r a t e  l o s s e s ,  1090 ppm of 
n i t r a t e  was assumed t o  be t h e  n i t r a t e  c o n c e n t r a t i o n  a t  t h e  
c h l o r i d e  peak,  i f  t h e  n i t r a t e  had n o t  been t rans formed  o r  h e l d  
w i t h i n  t h e  column. 1090 ppm of n i t r a t e  c o n v e r t s  t o  0.0175 moles 
p e r  l i t e r .  To s a t i s f y  complete requ i rements  f o r  d e n i t r i f i c a t i o n  
and m i c r o b i a l  a s s i m i l a t i o n  f o r  0.0175 moles p e r  l i t e r  o f  n i t r a t e ,  
m u l t f p l l e a t t o n  by 1.08 mole o f  methanol r e q u i r e d  p e r  mole of 
n i t r a t e  y i e l d s  0.020 moles p e r  l i t e r  of methanol  requ i red .  Con- 
ve r s ion  sf 1090 ppm of met.h3mol a v a i l a b l e  i n  t h e  w a t e r  supp ly  
r e s u l t s  Ln 0,0340 moles p e r  L i t e r  of methanol a v a i l a b l e ,  Thus, 
methanel. a v a i l a b l e  t o  the d e n i t r i f y i n g  organisms w a s  more t h a n  
adequate  f o r  complete conversion of ,up t o  1090 ppm of  n i t r a t e ,  
y e t  Table 3 i n d k a t e s  t h e  ma.xim.u.m. l o s s  of added n i t r a . % e  du r ing  
t h e  24OC tes t  was on ly  85% based on t h e  t o t a l  c h l o r i d e  m a s s  re- 
covered.  Table  5 shows t h a t  c o n c e n t r a t i o n s  of t o t a l  o r g a n i c  I 
carbon i n  t h e  e f f l u e n t  samples ranged from 15 t o  165 ppm i n  t h e  
24O6 t e s t  and 55 t o  135 ppm i n  t h e  13OC test.  No t r e n d s  i n  
carbon concent ra t ion  were apparent  between t e s t s ,  a l though it ap- 
pea r s  l e s s  carbon was used i n  t h e  1 3 ' ~  t e s t .  
S ince  t e s t s  f o r  t o t a l  o rganic  carbon were only taken  
a f t e r  t h e  n i t r a t e / c h l o r i d e  peak was f i r s t  d e t e c t e d ,  t h e  e f f l u e n t  
carbon concen t ra t ions  shown i n  Table 5 cannot be  averaged over  
t h e  e n t i r e  t e s t  flow per iod.  T e s t s  were only made on samples in- 
cluded i n  approximately t h e  l a s t  h a l f  of  t h e  t e s t  flow per iods .  
Thus, no at tempt  was made t o  c a l c u l a t e  t o t a l  amount of methanol 
used. While consumptive r a t i o  would b e  expected t o  i n c r e a s e  with 
temperature a s  n i t r a t e  l o s s e s  due t o  d e n i t r i f i c a t i o n  i n c r e a s e ,  
i n s u f f i c i e n t  samples were analyzed t o  i n d i c a t e  t h i s  t rend.  
F.  Gas Analysis  
The e f f l u e n t  gas  c o l l e c t i o n  devices  were e f f e c t i v e  i n  
c o l l e c t i n g  gases  accumulated a t  t h e  t o p  s u r f a c e  of each column, 
al though f a c i l i t i e s  t o  analyze t h e  gases  c o l l e c t e d  were n o t  
a v a i l a b l e  u n t i l  t h e  t e s t s  were over h a l f  completed. Gases were 
r e l e a s e d  during t h e  2 4 ' ~  tes t ,  which exh ib i t ed  t h e  most g a s  pro- 
duc t ion ,  Approximately f o u r  days a f t e r  t h e  n i t r a t e / c h l o r i d e  
peak had been de tec t ed  i n  t h e  e f f l u e n t  of Tube 3 dur ing  t h e  1 8 ' ~  
t e s t ,  two i d e n t i c a l  g a s  samples were e x t r a c t e d  from t h e  co l l ec -  
t i o n  dev ice ,  d r i e d  i n  a d ry  i c e  moisture  t r a p ,  and analyzed on 
t h e  mass spectrograph a s  descr ibed  i n  Procedure. Attempts were 
made only t o  i d e n t i f y  q u a l i t a t i v e l y  t h e  u n i t  mass peaks of t h e  
spectrometer  r e s u l t s ,  and t o  compare t h e  r e l a t i v e  peak magni- 
tudes.  Uni t  masses of 0 t o  18 and 19 t o  44 were found. Both 
g a s  samples analyzed gave the  same r e s u l t s .  
The gaseous  p r o d u c t s  expected i n  Tube 3 ,  which w a s  a 
methanol t r e a t m e n t ,  were n i t r o g e n  g a s ,  carbon d i o x i d e ,  and water 
vapor ,  accord ing  t o  t h e  n i t ra te -methanol  d e n i t r i f i c a t i o n  r e a c t i o n  
d i s c u s s e d  p r ev ious ly .  N i t rous  ox ide  w a s  a l s o  expec ted  as an in -  
t e r m e d i a t e  g a s  p roduc t  i n  t h e  format ion o f  molecu la r  n i t r ogen .  
Seve ra l  major  peaks  w e r e  i n d i c a t e d ,  w i t h  each  peak pos s i -  
b l y  r e p r e s e n t i n g  more t han  one compound. One l a r g e  peak a t  u n i t  
mass 28 i n d i c a t e d  n i t r o g e n  g a s ,  whi le  a  peak a t  44 r e p r e s e n t e d  
e i t h e r  carbon d i o x i d e  o r  n i t r o u s  oxide.  Other  peaks  o c c u r r i n g  
a t  u n i t  masses 12  th rough  18  probab ly  i n d i c a t e d  hydrocarbon com- 
pounds expected under  t h e  anae rob i c  c o n d i t i o n s  of t h e  d e n i t r i f i -  
c a t i o n  environment. R e l a t i v e l y  smal l  peaks  a t  32 and 40 w e r e ,  
oxygen g a s  and argon g a s  r e s p e c t i v e l y ,  i n d i c a t i n g  some contami- 
n a t i o n  of t h e  g a s  sample may have occurred.  
The r e l a t i v e  magnitudes of t h e  peaks  i n d i c a t e d  gaseous  
p roduc t s  expected from t h e  d e n i t r i f i c a t i o n  p r o c e s s  w e r e  predomi- 
n a n t ,  and p rov ided  some a s su rance  t h a t  d e n i t r i f i c a t i o n  may have 
been a major  f a c t o r  i n  t h e  e x t e n s i v e  n i t r a t e  l o s s e s  t h a t  oc- 
c u r r e d  i n  t h e  methanol t r e a t e d  columns. However, n i t r o g e n  g a s  
was used t o  s a t u r a t e  t h e  wate r  supp ly  and d i d  a f f e c t  t h e s e  re- 
s u l t s .  
G. Problems Encountered i n  Experimental  Procedure  
1. Flow R a t e  
Da i ly  f low r a t e s  were a d j u s t e d  by c o n t r o l l i n g  t h e  ele- 
v a t i o n  of t h e  e f f l u e n t  t u b e s  w i th  r e s p e c t  t o  t h e  deminera l i zed  
wate r  supp ly  r e s e r v o i r s .  Due t o  t h e  sma l l  d a i l y  f lows  and 
r e l a t i v e l y  long columns, smal l  changes o f  one o r  two c e n t i m e t e r s  
i n  head l o s s  r e s u l t e d  i n  changes o f  approximately  100 m i l l i -  
l i t e r s  i n  d a i l y  flow. S ince  t h e  d e s i r e d  f low r a t e  was 500 m i l l i -  
l i t e r s  p e r  day,  f r e q u e n t  maintenance of head l o s s  w a s  r equ i red .  
This  problem w a s  c r i t i ca l  w i t h  t h e  check t r ea tmen t  columns, i n  
which a head l o s s  of on ly  two c e n t i m e t e r s  was needed t o  o b t a i n  
t h e  d e s i r e d  d a i l y  f low, 
Ad~usCment of head l o s s  w a s  most f r e q u e n t l y  r e q u i r e d  f o r  
t h e  methanol t r e a t e d  columns which showed t h e  g r e a t e s t  l o s s e s  of 
added n i t r a t e s  and a l s o  t h e  most g a s  accuhu la t i on  w i t h i n  t h e  co l -  
umns, Gas accumulation a t  t h e  en t r ance  t o  t h e  methanol t r e a t e d  
columns w a s  s u f f i c i e n t  t o  completely block flow i n t o  t h e  columns. 
Small h o l e s  were d r i l l e d  i n  t h e  t o p  of t h e  p l e x i g l a s s  c y l i n d e r s  
n e a r  t h e  en t r ance  t o  t h e  columns t o  r e l e a s e  t h e  accumulated 
gase s ,  Gas bu i ldup  i n  o t h e r  p o r t i o n s  of t h e  methanol t r e a t e d  
columns r e q u i r e d  lowering of the  e f f l u e n t  t u b e s  t o  main ta in  daiLy 
f low r a t e s .  According t o  Barcy ' s  flow equa t ion  f o r  s a t u r a t e d  
s o i l s ,  
h Q = A K . i ;  
where Q i s  flow, A is  c ros s - sec t i ona l  f low a r e a ,  h i s  head l o s s ,  
and L is  t h e  f low l e n g t h ,  i f  h ,  L and K remain c o n s t a n t ,  f low. 
w i l l  d e c r e a s e  a s  g a s  accumulation reduces  t h e  c r o s s - s e c t i o n a l  
flow a r e a ,  To mainta in  cons t an t  f low, h i s  i n c r e a s e d  a s  A de- 
c r e a s e s ,  Pore v e l o c i t y  should  a l s o  i n c r e a s e  a s  t h e  t o t a l  po re  
volume decreases .  
Bead l o s s  a d ~ u s t m e n t s  were i n f r e q u e n t l y  needed i n  t h e  
check t r ea tmen t  and sawdust t red tment  columns, Added n i t r a t e  
l o s s e s  were r e l a t i v e l y  smal l  and g a s  accumulation w a s  no t  as 
s e r i o u s  as wi th  t h e  methanol t rea tment .  
Some of t h e  f low adjus tment  problems may have been re- 
l a t e d  t o  t h e  h o r i z o n t a l  al ignment and l e n g t h  of  t h e  columns, 
While bu i ldup  of g a s e s  w i th in  t h e  long h o r i z o n t a l  columns d i d  in -  
duce s m a l l  p r e s s u r e s  on t h e  d e n i t r i f y i n g  environment,  and t h e  
l e n g t h  of t h e  columns al lowed cons ide rab l e  t ime f o r  b a c t e r i a l  
a c t i o n  t o  occu r ,  t h i s  i s  a comparable s i t u a t i o n  t o  what might b e  
found i n  t h e  f i e l d  n e a r  a t i l e  d r a i n ,  
2. Piezometer  Readings 
I n i t i a l l y ,  t h e  piezometers  were in tended  f o r  u s e  a s  in -  
d i c a t o r s  of p r e s s u r e s  caused by g a s  accumulation w i t h i n  t h e  co l -  
umns due t o  t h e  d e n i t r i f i c a t i o n  process .  However, t h e  p i e -  
zometer r ead ings  were a l s o  found t o  be  v a l u a b l e  a s  i n d i c a t o r s  of 
v a r i a t i o n s  i n  head l o s s  d i s t r i b u t i o n  a long t h e  column and were 
u s e f u l  i n  making f low r a t e  a d ~ u s t m e n t s ,  
Although t h e  p iezometers  were connected t o  t h e  bottom of 
t h e  sand columns, g a s  accumulation i n  t h e  v i c i n i t y  of t h e  con- 
n e c t i o n s  was o f t e n  s u f f i c i e n t  t o  cause  g a s  bubbles  t o  e n t e r  t h e  
piezometer  tub ing .  Removal of t h e s e  bubbles  cou ld  b e  accom- 
p l i s h e d  by adding wate r  t o  t h e  manometer t o  back p r e s s u r e  t h e  
piezometer  s o  t h a t  t h e  gase s  were fo rced  back i n t o  t h e  column, 
The f r equen t  occur rences  r e q u i r i n g  t h i s  t y p e  of maintenance 
rendered r e g u l a r  and p r e c i s e  piezometer  r ead ings  imposs ib le ,  
Piezometer t r e n d s  i n d i c a t e d  i n c r e a s e s  i n  wate r  p r e s s u r e  head of 
7 t o  10 c e n t i m e t e r s  f o r  p a r t i c u l a r  p iezometers  i n  t h e  methanol 
t r ea tmen t  columns as t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  moved 
through wi th  a s s o c i a t e d  g a s  development. 
3 ,  Detec t ion  of t h e  Applied Ni t ra te /Chlor i .de  Front  
Although t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  had t o  fo l low 
t h e  same h o r i z o n t a l  d i s t a n c e  through each sand column, a  d e f i n i t e  
t r e n d  was no ted  between carbon t r e a t m e n t s  and t h e  f low r e q u i r e d  
t o  move t h e  a p p l i c a t i o n  through t h e  column, Less  f low was re- 
q u i r e d  f o r  t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  t o  move complete ly  
through t h e  methanol t r ea tmen t  columns than  t h e  sawdust t r ea tmen t  
columns, and l e s s  f o r  t h e  sawdust t han  t h e  check t r ea tmen t  co l -  
umns, Th i s  phenomenon was apparen t  a t  each  tempera ture  t e s t e d  
and can b e  seen i n  t h e  t o t a l  f low p e r  column, e f f e c t i v e  p o r e  
space  and f low t o  peak i n  Table 4. 
These f low p a t t e r n s  may b e  due t o  d e s a t u r a t i o n  of t h e  
vo ids  and lowek e f f e c t i v e  pore  space  w i t h i n  t h e  sand columns due 
t o  g a s  accumulat ion,  e s p e c i a l l y  i n  t h e  methanol t r ea tmen t  co l -  
umns, Although n i t r a t e  l o s s e s  w e r e  s l i g h t l y  h i g h e r  i n  t h e  check 
than  t h e  sawdust t r ea tmen t  columns, b i o l o g i c a l  a c t i v i t y  w a s  
g r e a t e r  i n  the  sawdust t r e a t m e n t s  as more gaseous  bu i ldup  was 
observed,  
Desa tu ra t i on  of the columns was observed t o  r e q u i r e  less 
t o t a l  f low t o  t r a n s f e r  t h e  n i t r a t e / c h l o r i d e  a p p l i c a t i o n  through 
t h e  column, Corey, e t  a l ,  ( 8 )  a l s o  observed t h i s  t r e n d  i n  work- 
i n g  w i t h  d e n i t r i f i c a t i o n  breakthrough cu rves  i n  u n s a t u r a t e d  s o i l  
columns, The i r  r e s u l t s  i n d i c a t e d  l e s s  f low w a s  r e q u i r e d  t o  
t r a n s f e r  n i t r a t e s  a s  lower s o i l  mo i s tu re  c o n t e n t s  were t e s t e d ,  
The i n v e s t i g a t o r s  o f f e r e d  two p o s s i b l e  exp lana t ions  f o r  t h i s  
behavior :  (1) t h e r e  w a s  less w a t e r  ahead of t h e  advancing i o n i c  
s o l u t i o n ;  and ( 2 )  some wate r  was i s o l a t e d  i n  p a r t s  of  t h e  s o i l  
column and w a s  n o t  d i s p l a c e d  by t h e  i o n i c  s o l u t i o n .  In  con- 
s i d e r a t i o n  of t h e s e  f low i n t e r f e r e n c e  e f f e c t s  on i o n i c  coneen- 
t r a t i o n s ,  no d e n i t r i f i c a t i o n  s t u d y  can b e  conducted a t  c o n s t a n t  
s o i l  mo i s tu re  c o n t e n t ,  f o r  p roduc t ion  of n i t rogenous  g a s e s  de- 
c r e a s e s  t h e  e f f e c t i v e  po re  space  f o r  wate r ,  To have a s t eady  
s t a t e  c o n d i t i o n ,  a system must be provided t o  c o n s t a n t l y  remove 
t h e  g a s  produced and r e p l a c e  i t  wi th  wate r ,  Th i s  p rocedure  w a s  
no t  done i n  t h i s  s tudy .  
Gaseous d e n i t r i f i c a t i o n  produc ts  r e p l a c i n g  wate r  a s  t h e  
n i t r a t e / c h l o r i d e  s o l u t i o n  advances may e x p l a i n  t h e  r e l a t i v e l y  
narrow breakthrough cu rves  a s s o c i a t e d  wi th  t h e  methanol t r e a t -  
ment columns, L e s s  d i f f u s i o n  and d i s p e r s i o n  would occur  i f  less 
water  w a s  p r e s e n t  i n  t h e  column, t h u s  producing a narrower 
breakthrough cu rve  w i t h  a h i g h e r  peak i o n i c  concen t r a t i on .  IP== , 
c reased  po re  v e l o c i t i e s  due t o  d e s a t u r a t i o n  would a l low l e s s  
t i m e  f o r  d i f f u s i o n ,  
The tempera ture  tests were conducted w i th  t h e  h i g h e s t  
t empera ture  f i r s t  ( 2 4 ' ~ )  and progressed  t o  t h e  c o l d e s t  tempera- 
t u r e  (13°6).  Although p e r i o d s  of  f i v e  t o  t e n  days  were al lowed 
between tests t o  permi t  f low s t a b i l i z a t i i o n  w i th in  t h e  columns, 
accumulated g a s  may have been r e t a i n e d  between t e s t s .  Fur ther -  
more, t h e  columns were used f o r  p r e l imina ry  t e s t s  which a l s o  may 
have been a sou rce  of g a s  accumulation,  
Flow r a t e s  were averaged over twenty t o  t h i r t y  day t e s t  
p e r i o d s ,  b u t  v a r i a t i o n  i n  d a i l y  f low ranged from 0 t o  over 1000 
m i l l i l i t e r s .  At tempts  were made t o  even ly  d i s t r i b u t e  l a r g e  f low 
v a r i a t i o n s  ove r  t h e  t e s t  pe r i ods .  To keep a  uniform t i m e  t o  
peaks ,  t h e  average  d a i l y  f low r a t e  f o r  t h e  methanol  t r e a t m e n t  
columns was approximate ly  1000 m i l l i l i t e r s  less t h a n  most of t h e  
o t h e r  columns, wh i l e  Tube 1 was run  a t  h i g h e r  f low r a t e s  t han  
t h e  average .  Th i s  was done t o  keep  t h e  d e t e n t i o n  t ime  o f  t h e  
a p p l i e d  n i t r a t e  reasonab ly  t h e  same between t h e  columns s o  t h a t  
t i m e  of t h e  a p p l i e d  n i t r a t e  w i t h i n  columns would n o t  be a  s i g -  
n i f i c a n t  v a r i a b l e  i n  t h i s  s tudy .  
4. Ch lo r i de  Ion I n t e r f e r e n c e  i n  N i t r a t e  Ana lys iq  
The f a c t  t h a t  o t h e r  i o n s  i n t r o d u c e  e r r o r s  i n  de te rmin ing  
n i t r a t e  c o n c e n t r a t i o n  by  t h e  s p e c i f i c  i o n  method was recognized.  
S ince  c h l o r i d e  was a p p l i e d  t o  t h e  columns a t  an equa l  concentfa-  
t i o n s  w i th  n i t r a t e  and t h e  c h l o r i d e  i o n  was n o t  removed from ef- 
f l u e n t  samples b e f o r e  n i t r a t e  a n a l y s i s ,  a  s t u d y  was made t o  de- 
t e rmine  t h e  magnitude o f  p o s s i b l e  c h l o r i d e  i o n  i n t e r f e r e n c e o  
The p r e sence  of an ions  o t h e r  t han  n i t r a t e  i n  s o l u t i o n s  
t e s t e d  u s ing  a  n i t r a t e  s e n s i t i v e  e l e c t r o d e  lowers  t h e  measured 
p o t e n t i a l  r e adou t  f o r  t h e  s o l u t i o n .  P l o t t i n g  t h e  p o t e n t i a l  read- 
o u t  on a  s emi loga r i t hmic  c a l i b r a t i o n  cu rve  f o r  t h e  n i t r a t e  
e l e c t r o d e  r e s u l t s  i n  a  h ighe r '  n i t r a t e  c o n c e n t r a t i o n  f o r  t h e  so lu -  
t i o n  t han  i s  a c t u a l l y  p r e s e n t .  The magnitude of e r r o r  due t o  
i n t e r f e r i n g  i o n s  depends on t h e  i n t e r f e r e n c e  f a c t o r  f o r  t h e  ad- 
d i t i o n a l  an ion  i n  s o l u t i o n ,  a s  r e f l e c t e d  i n  t h e  fo l l owing  equa- 
t i o n  f o r  c a l c u l a t i n g  pe r cen t age  e r r o r :  




are t h e  a c t i v i t i e s  o f  t h e  i n t e r f e r i n g  and n i -  
x x 
t r a t e  i o n s ,  r e s p e c t i v e l y ,  and K i s  t h e  i n t e r f e r e n c e  f a c t o r  f o r  
X 
t h e  i n t e r f e r i n g  i on .  The i n t e r f e r e n c e  f a c t o r  f o r  c h l o r i d e  i s  
4 x According t o  t h e  pe r cen t age  e r r o r  e q u a t i o n ,  t h e  
c h l o r i d e  i o n  a c t i v i t y  would have t o  b e  two o r d e r s  of  magnitude 
g r e a t e r  t h a n  t h e  n i t r a t e  i o n  a c t i v i t y  i n  s o l u t i o n  t o  have a  s i g -  
n i f i c a n t  e f f e c t ,  For  i n s t a n c e ,  a  c h l o r i d e  a c t i v i t y  t e n  times 
g r e a t e r  t han  n i t r a t e  a c t i v i t y  would c a u s e  an e r r o r  of  on ly  4%. 
Only i n  t h e  methanol  t r e a t m e n t  columns were t h e r e  c a s e s  where 
t h e  c h l o r i d e  a c t i v i t y  was o n t  o r d e r  of  magnitude g r e a t e r  t han  t h e  
n i t r a t e  a c t i v i t y .  E r r o r s  of  t h i s  magnitude may,have been accom- 
pan ied  by e l e c t r o d e  c a l i b r a t i o n  e r r o r s .  Small  c o r r e c t i o n s  ( less  
t han  10%) were made f o r  e f f l u e n t  n i t r a t e  c o n c e n t r a t i o n s  i n  t h e  
methanol  t r e a tmen t  columns. 
To a i d  i n  de t e rmin ing  t h e  e f f e c t  of  equa l  n i t r a t e  and 
c h l o r i d e  c o n c e n t r a t i o n s  i n  s o l u t i o n  a t  d i f f e r e n t  l e v e l s  of con- 
c e n t r a t i o n ,  a  50,000 ppm n i t r a t e  and 50,000 ppm c h l o r i d e  so lu -  
t i o n  s i m i l a r  t o  t h a t  used  a s  a  n i t r a t e  sou rce  i n  t h i s  s t u d y ,  was 
d i l u t e d  t o  20001, 1500,  1000, 500, 100,  and 50 ppm. A s imilar  
s o l u t i o n  c o n t a i n i n g  50,000 ppm of  n i t r a t e  on ly  was d i l u t e d  t o  
t h e  same c o n c e n t r a t i o n s .  Samples o f  b o t h  sets of  d i l u t i o n s  each 
hav ing  t h e  same n i t r a t e  c o n c e n t r a t i o n s  were t h e n  t e s t e d  u s i n g  
t h e  n i t r a t e  e l e c t r o d e .  The m i l l i v o l t  r e a d i n g s  f o r  t h e  50,000 
ppm n i t r a t e  d i l u t i o n s  w e r e  used t o  p l o t  a  c a l i b r a t i o n  cu rve  on 
s emi loga r i t hmic  pape r  shown i n  F igu re  29. M i l l i v o l t  r e a d i n g s  
f o r  b o t h  sets of  d i l u t i o n s  a r e  con t a ined  i n  Tab le  6. Comparison 
of t h e s e  v a l u e s  r e v e a l s  t h a t  t h e  c h l o r i d e  i o n  had l i t t l e  e f f e c t  

i n  d e t e c t i o n  of t h e  a c t u a l  n i t r a t e  c o n c e n t r a t i o n  i n  s o l u t i o n  
where b o t h  i o n s  are equa l  over  a wide range  of c o n c e n t r a t i o n s .  
The range  of c o n c e n t r a t i o n  used i s  similar t o  t h o s e  encountered 
i n  t h i s  s t u d y  f o r  a l l  b u t  t h e  methanol t r e a t m e n t s .  
TABLE 6 
CHLORIDE I O N  INTERFERENCE ON NITRATE ELECTRODE 
M i l l i v o l t  M i l l i v o l t  
Concen t ra t ion  r ead inq  Concen t ra t ion  read inq  
50 pprn NO; 
50 ppm ~ 1 -  124 50 ppm NO; 122 
100 pprn NO- 3  
100 ppm ~ 1 -  105 100 ppm NO; 104 
500 pprn NO; 
500 ppm ~ 1 -  58 500 ppm NO; 58 
1000 pprn NO; 
1000 ppm C1- 37 1000 ppm NO- 3 40 
1500 pprn NO; 
1500 ppm ~ 1 -  2  5  1500 ppm NO- 3  27 
2000 pprn NO- 3 
2000 ppm ~ 1 -  17  2000 ppm NO; 18  
Table  7  c o n t a i n s  c h l o r i d e  c o n c e n t r a t i o n s  f o r  t h e  se t  of 
d i l u t i o n s  from t h e  50,000 pprn n i t r a t e -50 ,000  pprn c h l o r i d e  so lu -  
t i o n ,  Ch lo r ide  c o n c e n t r a t i o n  w a s  de termined u s i n g  t h e  a rgen to-  
metric method d e s c r i b e d  i n  t h e  procedure.  
The n i t r i t e  i o n  a l s o  i n t e r f e r s  w i th  t h e  n i t r a t e  s e n s i -  
t i v e  e l e c t r o d e .  N i t r i t e  e r r o r s  were n o t  cons ide red ,  a s  n i t r i t e  
i n  t h e  column e f f l u e n t  would have ox id ized  t o  n i t r a t e  a s  t h e  e f -  
f l u e n t  came i n  c o n t a c t  wi th  t h e  atmosphere a s  it was c o l l e c t e d ,  
TABLE 7 
CHLORIDE ANALYSIS OF 50,000 pprn DILUTIONS 
Assumed c h l o r i d e  Actual  c h l o r i d e  
concen t r a t i on  concen t r a t i on  
50 PPm 70 PPm 
100 ppm 130 ppm 
500 ppm 510 ppm 





5 ,  Excess N i t r a t e  Mass Recovery 
A s  no ted  i n  p rev ious  d i s c u s s i o n ,  t h e  n i t r a t e  peak ex- 
ceeded t h e  c h l o r i d e  peak a t  each tempera ture  t e s t e d  f o r  bo th  t h e  
check and sawdust t r ea tmen t s  except  f o r  Tube 1 a t  24OC. This  
t r e n d  w a s  accompanied by recovery of t o t a l  n i t r a t e  m a s s  t h a t  
exceeded t o t a l  c h l o r i d e  mass recovered i n  Tubes 2 and 5  a t  1 8 ' ~  
and 1 3 ' ~  and i n  Tube 6 a t  13 '~ .  To ta l  mass a p p l i e d  i n  a  s i n g l e  
t e s t  was 2500 mi l l ig rams  of n i t r a t e  and 2500 mi l l ig rams  of 
c h l o r i d e .  Table  3  shows t h e  excess  n i t r a t e  m a s s  recovered based 
on t h e  t o t a l  c h l o r i d e  mass recovered.  These a r e  expressed a s  a  
nega t ive  l o s s ,  
The excess  n i t r a t e  mass recovered may b e  due t o  f o u r  
p o s s i b l e  sources:  
(1) r e l e a s e  of n i t r a t e  f i x e d  by b a c t e r i a l  a s s i m i l a t i o n  dur- 
i n g  prev ious  t e s t s  conducted a t  h i g h e r  t empera tures ;  
( two 2 4 O ~  tests w i t h  s i m i l a r  p r o c e d u r e  w e r e  conducted  
b e f o r e  t h i s  s t u d y ) .  
2 % r e h 3 a s e  of n i t r a t e  f i x e d  by i o n  exchange combined w i t h  
d i f f e r e n c e s  i n  t h e  e f f e c t i v e  d i f f u s i o n  of n i t r a t e  com- 
p a r e d  t o  c h l o r i d e ,  
(36 r e l e a s e  o f  n i t r a t e  accumulated i n  u n s a t u r a t e d  p o r e  s p a c e s  
o r  p o r e  volumes n o t  d i s p l a c e d  d u r i n g  flow. 
( 4 )  c h l o r i d e  i o n  i n t e r f e r e n c e  o f  t h e  n i t r a t e  e l e c t r o d e  used 
v 
t o  d e t e r m i n e  n i t r a t e  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  
samples .  
Higher  n i t r a t e  t h a n  c h l o r i d e  c o n c e n t r a t i o n s  were c o i n c i d e n t  w i t h  
t h e  c e n t e r  of  t h e  b reak th rough  c u r v e s .  T h i s  c o u l d  have r e s u l t e d  
e i t h e r  from t h e  i n c r e a s e d  m i c r o b i a l  a c t i v i t y  accompanying t h e  
n ~ t r a t e / c h l o r i d e  f r o n t  r e l e a s i n g  n i t r a t e  a s s i m i l a t e d  by  d e n i t r i -  
f y i n g  b a c t e r i a  d u r i n g  p r e v i o u s  tests,  o r  a  d i f f e r e n c e  i n  t h e  ef- 
f e c t i v e  d i f f u s i o n  of n i t r a t e  a s  compared t o  c h l o r i d e .  
E r r o r s  i n  n i t r a t e  c o n c e n t r a t i o n  due t o  c h l o r i d e  i o n  
i n t e r f e r e n c e  o f  t h e  n i t - r a t e  e l e c t r o d e  c o u l d  n o t  b e  r e s p o n s i b l e  
a l o n e  f o r  t h e  magnitude of  e x c e s s  n i t r a t e  c o n c e n t r a t i o n s  re- 
covered ,  As d i s c u s s e d  p r e v i o u s l y ,  c h l o r i d e  a c t i v i t y  must b e  a t  
l e a s t  one o r d e r  o f  magnitude g r e a t e r  t h a n  n i t r a t e  a c t i v i t y  t o  
c a u s e  s i g n i f i c a n t  e r r o r s .  
Note t h a t  i n  t h e  columns d i s c u s s e d ,  t h e  t o t a l  c h l o r i d e  
mass r e c o v e r e d ,  upon which e x c e s s  n i t r a t e  r e c o v e r i e s  w e r e  b a s e d ,  
c l o s e l y  approximated t h e  o r i g i n a l  c h l o r i d e  mass a p p l i e d  of 2500 
m i l l i g r a m s .  C h l o r i d e  mass recovery  ranged from 2300 t o  2550 
m i l l i g r a m s  i n  a l l  t h e  columns under  d i s c u s s i o n .  
V I I ,  RECOMMENDATIONS FOR FURTHER STUDY 
A ,  Labora to ry  I n v e s t i g a t i o n s  
Two major problems were a s s o c i a t e d  w i th  t h i s  s tudy :  er- 
r a t i c  f low due t o  g a s  accumulat ion w i t h i n  t h e  columns and recov- 
e r y  of exces s  n i t r a t e  i n  t h e  column e f f l u e n t .  
To minimize t h e  f low problem, pumps a r e  a v a i l a b l e  t h a t  
a r e  capab l e  of ma in t a in ing  very  sma l l  c o n s t a n t  f low r a t e s  such 
a s  t h o s e  d e s i r e d  i n  t h i s  s tudy ,  I n s t a l l a t i o n  of t h e s e  pumps 
would pe rhaps  f o r c e  any g a s  produced through t h e  column t o  be  
t r apped  by t h e  g a s  c o l l e c t i o n  d e v i c e s  and ana lyzed  o r  r e l e a s e d .  
D i f f e r e n c e s  i n  t o t a l  f low r e q u i r e d  t o  t r a n s f e r  t h e  n i t r a t e /  
c h l o r i d e  a p p l i c a t i o n  th rough  t h e  columns might a l s o  be  reduced. 
Cont ro l  of t h e  oxygen c o n t e n t  of t h e  i n f l u e n t  wa te r  would a l s o  
be  s i m p l i f i e d .  
The recovery  of excess  n i t r a t e  i n  some of t h e  columns 
was unexpected b u t  n ~ t  unknown t o  o t h e r  r e s e a r c h e r s .  Corey, 
e t  a l e  ( 8 )  noted  t h a t  n i t r a t e  ga ined  th rough  n i t r i f i c a t i o n  and 
m i n e r a l i z a t i o n  d u r i n g  f low s t u d i e s  on u n s a t u r a t e d  s o i l  columns 
exceeded any n i t r a t e  l o s s e s  due t o  immobi l iza t ion and d e n i t r i f i -  
c a t i o n ,  The i n v e s t i g a t o r s  a t t r i b u t e d  t h e  g a i n  i n  n i t r a t e  t o  . 
oxygen d i f f u s i o n  through openings a long t h e  column s i d e s  which 
would i n c r e a s e  n i t r i f i c a t i o n .  Although s o i l  columns were n o t  
used d u r i n g  t h i s  s t u d y ,  redox p o t e n t i a l s  i n d i c a t e d  t h e  c o n d i t i o n s  
n e a r  t h e  downstream end of t h e  sand columns were moderate ly  t o  
h i g h l y  reduced,  t h u s  making t h e  p r e sence  of  oxygen v e r y  u n l i k e l y .  
I n c r e a s e s  i n  redox p o t e n t i a l  observed i n  many of t h e  columns 
i n d i c a t e d  t h e  p o s s i b l e  p r e s e n c e  of oxygen and c o u l d  e x p l a i n  t h e  
r e l e a s e  of n i t r a t e  d u r i n g  t h e  t es t  t h r o u g h  m i n e r a l i z a t i o n .  
Bremner and Shaw ( 4 )  a l s o  conducted  s t u d i e s  showing e v i -  
dence  t h a t  excess n i t r a t e  was r e l e a s e d  when wheat s t r a w  w a s  
added t o  s o i l - w a t e r  m i x t u r e s  t o  i n c r e a s e  d e n i t r i f i c a t i o n ,  b u t  
t h e y  g a v e  t h i s  phenomenon on ly  p a s s i n g  n o t i c e ,  T h e i r  r e s u l t s  
showed a d d i t i o n  of wheat s t r a w  above 4% by we igh t  t o  5000 m i l l i -  
grams of  wa te r logged  s o i l  i n c r e a s e d  t h e  r a t e  of  d e n i t r i f i c a t i o n ,  
b u t  t h i s  was accompanied by a  r e l e a s e  of  n i t r a t e  a t  2 5 ' ~  af ter  
a p e r i o d  of e i g h t  t o  t e n  days.  They a l s o  n o t e d  t h a t  d e n i t r i f i -  
c a t i o n  w a s  fo l lowed  by n i t r o g e n  f i x a t i o n  when l a r g e  amounts of  
s t r a w  w e r e  used.  
Excess n i t r a t e  r ecovery  was n o t e d  o n l y  a t  t h e  1 8 ' ~  and 
1 3 ' ~  tests i n  t h i s  s tudy .  T e s t s  were conducted  i n  t h e  o r d e r  
2 4 ' ~ ~  1 8 O c ,  and 13Oc. F u r t h e r  tests s h o u l d  be conducted  i n  t h e  
r e v e r s e  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  n i t r a t e  immobi l i za t ion .  
With t h e  t y p e  of d e n i t r i f i c a t i o n  f low a p p a r a t u s  used  i n  
t h i s  s t u d y ,  pH and oxygen c o n t e n t  cou ld  be r e g u l a r l y  moni tored  
a t  many p o i n t s  a l o n g  each  column. A check of e f f l u e n t  pH bev 
tween t h e  2 4 ' ~  and t h e  1 8 ' ~  tests showed pH o f  a l l  columns t o  
be between 7.0 and 7.5, 
D a i l y  e f f l u e n t  samples  c o u l d  have been a n a l y z e d  f o r  . 
t o t a l  o r g a n i c  carbon f o r  t h i s  s tudy .  T h i s  i n f o r m a t i o n  c o u l d  b e  
used t o  d e t e r m i n e  t h e  t o t a l  amount of carbon u t i l i z e d  by micro- 
b i a l  a c t i v i t y  f o r  t h e  methanol  t r e a t m e n t  columns. Consumptive 
r a t i o s  cou ld  t h e n  be c a l c u l a t e d .  
Frequent a n a l y s i s  of g a s e s  c o l l e c t e d  from t h e  sand co l -  
umns would b e  v a l u a b l e  i n  de te rmin ing  t h e  gaseous  components and 
t h e i r  r e l a t i v e  magnitudes, Mass spec t rome te r  r e s u l t s  i n  t h i s  
s t u d y  are suspec t  a s  n i t r o g e n  g a s  w a s  used t o  s a t u r a t e  t h e  de- 
mine ra l i zed  water  supply  f o r  oxygen removal, U s e  of N~~ as a 
t r a c e r  t o  de te rmine  t h e  f a t e  of a p p l i e d  n i t r a t e  i s  a l s o  a pos s i -  
b i l i t y ,  e s p e c i a l l y  t o  determine mic rob ia l  f i x a t i o n ,  
The sand wi th in  t h e  columns was no t  removed between 
tests, Ava i l ab l e  carbon probably  dec reased ,  e s p e c i a l l y  i n  t h e  
sawdust t r ea tmen t  columns, i n  a l l  columns except  t h o s e  t r e a t e d  
w i t h  methanol as t h e  tests progressed ,  F i l l i n g  t h e  columns wi th  
f r e s h  sand between tests would a l s o  p reven t  n i t r a t e s  f i x e d  i n  
p rev ious  tests from appear ing i n  subsequent t e s t s .  
A s  mentioned e a r l i e r ,  p rev ious  r e s e a r c h  h a s  n o t  posi -  
t i v e l y , f o u n d  t h a t  n i t r a t e  and c h l o r i d e  behave i d e n t i c a l l y  under 
f low s i t u a t i o n s ,  To determine if these two i o n s  have t h e  same 
e f f e c t i v e  d i f f u s i v i t y  i n  t h e  sand columns used i n  t h i s  study, 
phenol cou ld  b e  a p p l i e d  t o  t h e  columns t o  d e s t r o y  t h e  b a c t e r i a  
popu la t i on ,  Lowering pH of t h e  columns t o  reduce  d e n i t r i f e r  
a c t i . v i t y  is  a l s o  a p o s s i b i l i t y ,  
B, F i e l d  Research 
Although many exper imental  problems y e t  e x i s t  wi th  lab-  
o r a t o r y  d e n i t r i f i c a t i o n  exp$riments, f i e l d  s t u d i e s  a r e  needed, 
The r e s u l t s  of t h i s  s tudy  have shown t h a t  removal of n i t r a t e  can 
be  accomplished by a d d i t i o n  of methanol t o  a d e n i t r i f y i n g  en- 
vironment over  a moderate range of s o i l  t empera tures ,  
Methanol,  wh i l e  it is  expensive  a t  $0.70 a g a l l o n ,  pos- 
sesses s e v e r a l  advantages  over  o t h e r  carbon s o u r c e s  i n  d e n i t r i f i -  
c a t i o n  s t u d i e s  and should  probably  b e  used  a s  a  s t a n d a r d  sub- 
s t r a t e  i n  f i e l d  s t u d i e s .  It i s  r e a d i l y  a v a i l a b l e  t o  d e n i t s i f y i n g  
bacteria amd s o l u b l e  i n  wate r ,  D i l u t i o n  t o  m e e t  d e n i t r i f i c a t i o n  
requ i rements  f o r  n i t r a t e  c o n c e n t r a t i o n s  i n  t i l e  d r a i n a g e  i n  Illi- 
no:is would reduce methanol  eoncentra t : fons  w e l l  below t o x i c  
l i m i t s ,  P e r i o d i c  a d d i t i o n  of methanol t o  a f i e l d  system would 
overcome s c l u b l e  carbon demands by d e n i t r i f y i n g  microorganisms 
3s t h e  n a t u r a l  ca rbon  supply  is reduced i n  t h e  s o i l .  
App l i ca t i on  of methanol i n  t h e  f i e l d  t o  i r r i g a t i o n  o r  
t i l e  d r a i n a g e  systems w i th  c o n t r o l l e d  wa te r  t a b l e s  could  b e  ac- 
compLished th rough  t h e  i r r i g a t i o n  wa te r  supp ly ,  o r  th rough  sha l -  
l o w  w e l l s  s o  t h a t  methanol  cou ld  be d i r e c t l y  a p p l i e d  t o  t h e  
water t a b l e ,  ! 
Seve ra l  s o i l  t ypes  I n  I l l i n o i s  a r e  s u i t a b l e  f a r  d e n i t r i -  
f i e a s k o n  f i e l d  s t u d i e s .  Sandy s o i l s  cover  a lmost  one and a h a l f  
mi.LI.Pon acres i n  .%he s t a t e ,  and would be e x c e l l e n t  f o r  comparing 
s u b s t r a t e  m a t e r i a l s  f o r  induc ing  d e n i t r i f i c a t i o n .  The f e r t i l i t y  
of t h e s e  h i g h l y  perme7abl.e s o i l s  i s  low, r e q u i r i n g  con t inuous  
l e v e l s  o f  h i g h  f e r t i l i z a t i o n .  I r r i g a t i o n  and d r a i n a g e  are o f t e n  
needed, Na tu ra l  o r g a n i c  carbon c o n t e n t  i s  g e n e r a l l y  low, 
D i f f i c u l t y  i n  measuring n i t r o g e n  i n p u t s  and moni to r ing  
d e n i t r . i f l c a t i o n  p roduc t s  r e q u i r e  t h e  s c a l e  of f i e l d  s t u d i e s  t o  
be sma l l ,  B lo t s  sf less t h a n  ;m. acre would be s u i t a b l e .  An e f -  
f e c t i v e  means d u n i f o m . l y  d i s t r i b u t i n g  an ad.ded carbon sou rce  
t o  t h e  subsu r f ace  p r o f i l e  should  a l s o  be  i n v e s t i g a t e d ,  
Flanagan and Drummer s o i l  t ypes  a r e  ve ry  produc t ive  dark 
p r a i r i e  s o i l s  o f t e n  unde r l a in  by sand o r  c o a r s e  p a r t i c u l a t e s  a t  
shal low depths .  These s o i l s  con ta in  a  n a t u r a l  supply  of carbon,  
g e n e r a l l y  r e q u i r e  t i l e  d ra inage  and would be  s u i t a b l e  f o r  water  
t a b l e  c o n t r o l  s t u d i e s  on d e n i t r i f i c a t i o n .  The development of 
p r a c t i c a l  t echniques  f o r  d e n i t r i f i c a t i o n  a s  a  means of removing 
n i t r a t e s  from s o i l  water should fo l low f i e l d  s t u d i e s .  
Summary 
The f a t e  of n i t r a t e s  a s  they  t r a v e l  through var ious  
f i l t e r  m a t e r i a l s  a t  a  slow r a t e  toward a  t i l e  d r a i n  was ob- 
served i n  t h i s  s tudy  using a  porous column t o  s imula t e  t h e  
region nea r  t h e  dra in .  Temperature and s u b s t r a t e  m a t e r i a l s  
were va r i ab le .  
For r e a d i l y  a v a i l a b l e  s u b s t r a t e s ,  a  s u b s t a n t i a l  de- 
c r e a s e  i n  n i t r a t e  was observed with  an accompanying product ion 
of g a s ,  d i s c o l o r a t i o n  of e f f l u e n t  and an i n c r e a s e  i n  redox po- 
t e n t i a l .  
Temperature was a  f a c t o r  i n  t h e  disappearance of 
n i t r a t e ,  For t h e  one month t ime of t h e s e  t e s t s ,  and f o r  low 
temperatures ,  t h e r e  were i n c r e a s e s  of n i t r a t e  f o r  l e s s  a v a i l -  
a b l e  s u b s t r a t e s ,  For example, n i t r a t e  g a i n s  a s  h igh  a s  43 
percent  were measured i n  sawdust and check t r ea tmen t s  wi th  a  
temperature of 13Oc. On t h e  o t h e r  hand wi th  pore  v e l o c i t i e s  
up t o  2 1  cen t imeters  p e r  day n i t r a t e  l o s s e s  approaching 8 9  per- 
c e n t  were found f o r  a  methanol t reatment  a t  24Oc while  f o r  13OC, 
t h e  methanol t rea tment  r e s u l t e d  i n  n i t r a t e  l o s s e s  a s  low a s  46%. 
Where l i t t l e  o r  no reduct ion occurred,  c h l o r i d e  break- 
through curves  were found t o  be  gene ra l ly  lower and wider than 
those  f o r  n i t r a t e .  This may have been due t o  a  d i f f e r e n c e  i n  
t h e  d i f f u s i o n  of c h l o r i d e s  a s  compared t o  n i t r a t e s .  
The desa tu ra t ion  of a  porous m a t e r i a l  a s  a  r e s u l t  of 
g a s  produced i n  t h e  d e n i t r i f i c a t i o n  process  was found t o  be a  
problem i n  maintaining flow r a t e s  i n  t h i s  study. 
In  g e n e r a l ,  methanol was found t o  be  an e f f e c t i v e  means 
of removing n i t r a t e  from a  slowly moving stream of water i n  por- 
ous ma te r i a l  a t  temperatures  a s  low a s  1 3 O ~ ,  S ince  methanol i s  
expensive,  f u t u r e  e f f o r t s  should be  d i r e c t e d  toward developing 
a  f i e l d  technique f o r  s tudying t h e  e f f e c t  of va r ious  l e s s  expen- 
s i v e  s u b s t r a t e s  on n i t rogen  removal using methanol a s  a  s tandard  
s u b s t r a t e  :mater ia l .  
In  t h i s  s tudy  it was found t h a t  f i l t e r  ma te r i a l  i n  t h e  
reg ion  near  a  t i l e  d ra in  does  have p o t e n t i a l  t o  reduce n i t r a t e s  
0 t o  t h e  gaseous n i t rogen  form a t  temperatures  a s  low a s  13  C ,  
Fu ture  s t u d i e s  w i l l  be i n  t h e  f i e l d  where t h i s  w i l l  be accom- 
p l i s h e d  using a  t i l e  d r a i n  system t o  r a i s e  t h e  water t a b l e  t o  
c r e a t e  an anaerobic  zone where a  r e a d i l y  a v a i l a b l e  s u b s t r a t e  
m a t e r i a l  can be  added t o  t h e  region nea r  a  d r a i n ,  
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0%" OZP OES OET- OZT OTT 
OL- 06V 029 SZT- S9T ZET 
OL' OES OSS OET- OZZ OTZ 
OL- OPS OES 0ET- SEZ ZEZ 
OL- OTS 069 OET- SSZ SPZ 
OL- OTP OES OET" SPZ 892 
OL- OEE OOP OTT- SSZ 892 
08- OLZ S9Z 09T- SEZ OZZ 



















start of test 
TABLE A-2 (Contud) 
REDOX POTENTIALS - 1 8 O ~  
Tube 2 - Sawdust Tube 6 - Sawdust 
Days from 
s t a r t  of t e s t  
TABLE A-2 (Cont td)  
REDOX POTENTIALS - 1 8 ' ~  
Tube 3 - Methanol Tube 4 - Methanol 
TABLE A-3 
REDOX POTENTIALS - 1 3 ' ~  
Days from 





1 2  
13  






Tube 1 - Check Tube 5 - Check 
%t. 
Redox p o t e n t i a l  no t  recorded 
Days from 
s t a r t  of  t e s t  
TABLE A-3 (Contld) 
REDOX POTENTIALS - 1 3 ' ~  
Tube 2 - Sawdust Tube 6 - Sawdust 
NO; C1- E ~ -  
(mq/l) (mq/l) (mv) 
* 
Redox potent ia l  not recorded 
Days from 
s t a r t  of t e s t  
TABLE A-3 ( C o n t ~ d )  
REDOX POTENTIALS - 1 3 O ~  
Tube 3 - Methanol Tube 4 - Methanol 
NO; 


















Redox p o t , e n t i a l  n o t  recorded  


